Effects of shallow water tables on soil aeration, water quality, and physiological growth of soybean by Sarwar, Tahir
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1995
Effects of shallow water tables on soil aeration,
water quality, and physiological growth of soybean
Tahir Sarwar
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agricultural Science Commons, Agriculture Commons, Agronomy and Crop
Sciences Commons, Bioresource and Agricultural Engineering Commons, and the Hydrology
Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Sarwar, Tahir, "Effects of shallow water tables on soil aeration, water quality, and physiological growth of soybean " (1995).
Retrospective Theses and Dissertations. 11080.
https://lib.dr.iastate.edu/rtd/11080
INFORMATION TO USERS 
This manuscTipt has been reproduced from the iiiicrofilm master. UMI 
fihns the text directfy fr'om the origmal or copy submitted. Thus, some 
thesis and dissertation copies are in Qrpewriter face, while others may 
be from ai^ Q^pe of conq)uter printer. 
The quality of this reproduction is dependent upon the qnali^ of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and iiq)roper alignment can adverse^ affect reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note wiH indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlap Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 
Photogrq}hs inchided in the original manuscript have been reproduced 
xerographically in this copy. Higher quali^ 6" x 9" black and white 
photographic prints are available for any photogr^hs or illustrations 
appearing in this copy for an additional charge. Contact UMI direct^ 
to order. 
A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. Ml 48106-1346 USA 
313/761-4700 800/521-0600 

Effects of shallow water tables on soil aeration, water quality, and 
Tahir Sarwar 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fuifiliment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department: Agricultural and Biosystems Engineering 
Major: Water Resources 
physiological growth of soybean 
by 
APPROVED 
In Charge of Major Work 
For the Major Department 
F ^e Graduate College 
Iowa State University 
Ames, Iowa 
1995 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
UHI Number: 9610981 
UNI Microform 9610981 
Copyright 1996, by DMI Company. All rights reserved. 
This microform edition is protected against unauthorized 
copying under Title 17r United States Code. 
UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 
11 
TABLE OF CONTENTS 
PAGE 
ACKNOWLEDGMENTS vii 
GENERAL INTRODUCTION 1 
Objectives 5 
Dissertation organization 6 
LITERATURE REVIEW 7 
Water table management 7 
Water table control and soil aeration 9 
Oxygen stress and plant growth 10 
Indicators of soil aeration 13 
Measurement of soil oxygen concentration 13 
Water table control and Nitrate-N leaching 15 
Water table control and pesticide transport 19 
Water stress and crop physiological response 21 
Water stress and soybean 26 
WATER TABLE DEPTH AND ITS EFFECT ON SOIL AERATION 
AND SOYBEAN YIELD: LYSMETER STUDY 28 
ABSTRACT 28 
INTRODUCTION 29 
MATERL\LS AND METHODS 31 
Construction of the lysimeters 32 
lU 
PAGE 
Placement of soil in the lysimeters 33 
Soil-air access chamber installation in the lysimeters 34 
Planting 35 
Irrigation 35 
Soil-air/water sampling procedure 36 
Dual-action syringe sampling assembly 36 
Analyzing chamber 36 
Soil-air/water analysis for oxygen concentration 37 
Experimental design and layout 39 
Statistical analysis 40 
RESULTS AND DISCUSSION 40 
Effect of water table depths on soil oxygen concentration 40 
Effect of water table depths on soybean plant height 43 
Effect of water table depths on soybean yield 45 
Effect of water table depths on shoot dry weight 47 
Relation between soil oxygen concentration and plant height 48 
Relation between soil oxygen concentration and soybean yield 48 
CONCLUSIONS 49 
REFERENCES 50 
FATE AND TRANSPORT OF NO3-N AND METOLACHLOR TO SHALLOW 
GROUNDWATER UNDER DIFFERENT WATER TABLE 





MATERIALS AND METHODS 74 
Construction of the lysimeters 75 
Placement of soil in the lysimeters 76 
Planting 76 
Irrigation 77 
Water sampling devices 77 
Water analysis methods 78 
Automated cadmium reduction method for NO3-N analysis 79 
Enzyme-linked immunosorbent assay for metolachlor analysis 79 
Experimental design and layout 83 
Statistical analysis 83 
RESULTS AND DISCUSSION 84 
Nitrate-N concentration in water samples 84 
Nitrate-N concentration in drainage outflow 86 
Metolachlor concentration in water samples 87 
Relation between metolachlor concentration and 
days after planting (DAP) 90 
Metolachlor concentration in drainage outflow 91 
PAGE 
Effects of water table depths on soybean yield 92 
CONCLUSIONS 93 
REFERENCES 94 
PHYSIOLOGICAL RESPONSES OF SOYBEAN TO DIFFERENT 
SHALLOW WATER TABLE DEPTHS 114 
ABSTRACT 114 
INTRODUCTION 115 
MATERL\LS AND METHODS 119 
Construction of the lysimeters 119 
Placement of soil in the lysimeters 120 
Planting 121 
Irrigation 121 
Measurement of photosynthesis and other parameters 122 
Chlorophyll measurements 123 
Experimental design and layout 124 
Statistical analysis 124 
RESULTS AND DISCUSSION 125 
Photosynthesis rate 125 
Stomatal conductance 127 
Transpiration rate 128 
Chlorophyll content 130 
vi 
PAGE 
Intercellular CO2 132 
Leaf temperature 133 
Air-leaf differential 135 
Photosynthesis and stomatal conductance 137 
Photosynthesis and leaf temperature 13 8 
Transpiration rate and stomatal conductance 139 
Relation between plant physiological parameters and soybean seed yield 139 
CONCLUSIONS 140 
REFERENCES 141 
GENERAL CONCLUSIONS 163 
SUGGESTIONS FOR FURTHER WORK 167 
REFERENCES 170 
APPENDIX A. RAW DATA ON SOIL OXYGEN CONCENTRATION, 
PLANT HEIGHT, AND SHOOT DRY WEIGHT OF SOYBEAN 182 
APPENDIX B. RAW DATA ON NO3-N AND METOLACHLOR 
CONCENTRATIONS IN WATER SAMPLES 198 
APPENDIX C. RAW DATA ON DIFFERENT PHYSIOLOGICAL PARAMETERS 
OF SOYBEAN 208 
vu 
ACKNOWLEDGMENTS 
All praise is due to Allah, the Cherisher and Sustainer of the Worlds; Most Gracious, 
Most Merciful; Master of the Day of Judgment. You do we worship, and You do we beseech 
for help. Guide us on to the right path, the path of those upon whom You have bestowed 
Your grace and not (the path) of those upon whom Your wrath falls, nor of those who go 
astray. 
I extend my sincere thanks to the Ministry of Education, Government of Pakistan, and 
•< 
the Water Management Wuig of Agricultural Department, NWFP, for their financial support 
in sponsoring my studies at Iowa State University; without their support I would have never 
been able to come to the U. S. A. and achieve my career goals. 
I would like to express my sincere gratitude and appreciation to my major professor. 
Dr. Rameshwar S. Kanwar for his wisdom, encouragement, cooperation, continuous support, 
and counseling throughout my graduate study program and for creative suggestions and 
editing of this dissertation. It was his support of this work through research grants that made 
it possible to accomplish the objectives of this research in professional and scholarly manner. 
Dr. Kanwar's help is greatly acknowledged. 
I would like to extend special appreciation and thanks to Drs. Stewart W. Melvin, 
Theodore B. Bailey, Stanley J. Henning and Lynn B. Jones for their professional assistance, 
interest, cooperation, advice and for serving on my graduate study committee. I also express 
VIU 
gratitude to all my teachers for instilling in me values and ideas that inspire me every day. 
My sincere gratitude to my mother, father, brothers and sisters for their love, 
encouragement, and best wishes for a successflil completion of my graduate study. I would 
like to extend sincere thanks to my friends Abid Farid and Muhammad Maroof Shah, for their 
encouragement and moral support. 
Words can not express my feelings for my brother and friend Muhammad Iqbal, who 
continuously helped, advised, and supported me at every step of my graduate study. His 
devotion and sacrifice have been unflinching. I express my deepest sense of appreciation to 
him for his heartful cooperation and counseling. 
My special thanks to Carl Federson for his extreme cooperation and fiill assistance in 
canying out my research project. I extend special thanks to Loren Shiers for the analysis of 
water samples for my research. 
Thanks to many of my friends and fellow graduate students in the Department of 
Agricultural and Biosystems Engineering for their cooperation and handy help during this 
study. I appreciate all the help and advice I received from Muhammad SafFar Miijat, Kapil 
Arora, Dhermesh Jain, Ajay Kumar, Piyush Singh and many other friends and fellows. Special 
thanks to new comer, Allah Bakhsh, who created Pakistan-like environment in the office. 
To my vwfe, I owe a special debt of thanks for her love, understanding, support and 
patience while I spent many days and nights in the research work and at the office during the 
course of this study. Special thanks to my little son Mubashir, who missed my love and care 
for many days and nights. 
1 
GENERAL INTRODUCTION 
Agricultural water management systems are installed primarily to eliminate water 
related stresses that limit crop production by controlling the duration of excessive or deficient 
soil-water conditions in the soil profile. Another major objective is to improve the quality of 
drainage discharge waters that may pollute surface and groundwater resources. These 
objectives involve the efficient utilization of shallow groundwater supplied by natural rainfall 
or irrigation. 
Major effects of excessive soil water on crop yield are caused by reduced exchange of 
air between the atmosphere and the root zone. Wet soil conditions may result in the 
deficiency of oxygen required for root respiration, an increase in carbon dioxide, and the 
formation of toxic compounds in the soil and plants (Williamson and Kriz, 1970). Under field 
conditions, soil-water-plant systems vary continuously. Evaluating the effects of water 
content and aeration status on plant growth require the integration of these conditions over 
time during the growing season. Water table depth is one of the parameters that tend to 
integrate these factors in soils which require artificial drainage (Wesseling, 1974). 
Most experiments have related crop yields to constant water table depths (Williamson 
and van Schilfgaarde, 1965; Coins et al., 1966; Williamson and Kriz, 1970). Results usually 
show reduced yields at shallow water table depths because of excessive soil-water conditions, 
an optimum range, and reduced yields at deeper water table depths because of deficient soil-
water conditions (see for example Wesseling, 1974). Although, it may be possible to define 
an optimum water table depth, it would depend on climate, soil properties, crop, and also 
cultural and water management practices. Williamson and Kriz (1970) found that optimum 
water table depths were greater when irrigation water was applied at the surface. 
Practically all land and water management practices have some off-site environmental 
impacts, on either ground water or surface water. This is clearly true for drainage and related 
water table management practices (Gilliam, 1987; Letey et al., 1986; Logan et al., 1980; 
Committee on Irrigation induced Water Quality problems, 1989). Environmental impacts may 
be positive or negative and may occur both on-site and off-site. It is essential that these 
impacts be considered in the design and operation of systems for managing the shallow 
groundwater. 
In humid regions, improved drainage may increase the losses of some pollutants to 
surface and groundwater, while reducing the losses of others (Gilliam, 1987; Gilliam and 
Skaggs, 1986). Other studies (Gilliam et al., 1979; Doty et al., 1986; Evans et al., 1989) have 
shown that controlled drainage can be used to promote denitrification and substantially reduce 
losses ofN to surface and groundwaters. Aijoon et al. (1992) and Kalita and Kanwar (1990) 
observed lower soil solution concentration of Prometryn and Atrazine, respectively, under 
controlled drainage compared to conventional drainage. Controlled drainage also conserves 
drainage water by reducing drought stresses and irrigation water requirements (Doty et al., 
1987). 
A 'total" water management system that includes surface drainage, plus water table 
control (WTC) via dual purpose subsurface conduits is becoming popular in humid areas. 
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These systems may involve '^ubirrigation", where water is pumped in from an external source 
to maintains set water level in the drains, or 'bontrolled drainage", where no water is added 
but the drain water level must exceed a set elevation before it can drain from the system. Ten 
of thousands of hectares of these systems have been installed in the Carolinas, the Midwest, 
and Quebec in Canada during last few years. 
Water table management (WTM) with this type of system has a high potential for 
achieving maximum crop production to compensate for changes in weather conditions and 
crop water requirements. In a variable rainfall environment of humid Midwest, water table 
control removes both deficit and excess water as yield limiting factors, enabling growers to 
capitalize on the new high yield system knowledge. The yield potentials have been evaluated 
in midwestem field studies for com, soybean, and alfalfa with shallow water table control that 
includes subirrigation (Belcher, 1991; Kanwar, 1988; Kalita and Kanwar, 1992, 1990; Cooper 
etal., 1991,1990). 
Possible best management practices (BMP's) to protect water resources from chemical 
contamination while sust^ning crop production at an optimum level include reducing tillage, 
crop rotations, chemical management, and water table management (Kalita and Kanwar, 
1990). In North Central region, WTM practices might typically result in 20 to 40 bu/acre 
increase in soybean yields (Schwab et al., 1985). Studies have been conducted in Iowa to 
develop relationships between the seasonal water table depth and com yield (Kanwar, 1988; 
Mukhtar et al., 1990; Kalita and Kanwar, 1989; Ahmad et al., 1992; Kalita and Kanwar, 1990, 
1992). The result of these studies show beneficial effects of WTM on com growth and yield. 
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According to a recent review of literature on the role of water table management on 
water quality by Fogiel and Belcher (1991), the study of water quality associated with 
drainage was not reported before 1970. During the next 20 years, they cite a number of 
reports that document the quality of water found in the subsurface drains, but there is limited 
information about the impact of controlled water table, i.e. compared to no drainage or a 
presumed natural condition. Drainage is an important management practice for improving 
water quality while sustaining agricultural viability (Fausey et al., 1995). 
Recent studies are underway to more adequately describe the effects of water table 
management on water quality of receiving streams and aquifers. There are as yet no definitive 
conclusions and the results, as expected, are very site and management specific. More 
research clearly needs to be carried out to determine the full potential of water table 
management for controlling or managing water quality effects of agricultural management 
systems. 
An adequate soil-water-air environment is essential for good plant growth and for the 
enhanced agricultural use of land. Excessive soil water conditions may occur at any time 
during the crop growing season, and therefore, an assessment of the soil aeration status under 
shallow water table conditions during the crop growing season may help us understand in 
what ways poor soil aeration can inhibit crop growth. 
Understanding the effects of shallow water table conditions on crops is of a prime 
importance not only to determine the removal rates of excess water for designing drainage 
systems but also in terms of developing measures by which to mcrease crop yield in poorly 
drained soils or waterlogged areas. To achieve either of these goals, an understanding of crop 
response as a function of water table depth and duration is vital. 
Lack of water is the primary yield limiting factor in soybean (Cooper et al., 1991, 
1990; Scott et al., 1989; Sallam and Scott and Sallam, 1987). In the humid Midwest, grower 
interest and research on controlled water tables, for field crops on mineral soils, is new and the 
water management system to maximize soybean yields in this climatic region is unknown. 
Studies conducted by Cooper et al., (1991) indicated that long term average soybean yield of 
5300 kg/ha should be possible in the humid midwest with a properly managed 
suburigation/drainage system combined with a production system with high yield potential. 
Some investigations involving soybean root and yield response to water table control 
situation have been conducted (Reicosky et al., 1972; Cooper et al., 1991, 1992; 
Madramootoo and Papadopoulos, 1991; Madramootoo et al., 1993), but limited work has 
been done dealing with physiological responses like photosynthesis, stomatal conductance, 
chlorophyll content etc., of soybean to shallow water table. Nor has much research been 
undertaken to study the effects water table control on the fate and transport of agricultural 
chemicals in the soil and water environment. 
Objectives 
To develop a better understanding of the effects of water table control on soil 
aeration, groundwater quality, soybean's physiological growth, this study was conducted with 
the following objectives: 
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1. To determine the effect of shallow water table depths on soil oxygen concentration 
and yield of soybean; 
2. To evaluate the transport of nitrate-nitrogen and metolachlor into shallow 
groundwater in response to different water table depths; and 
3. To investigate the effects of shallow water tables on different physiological parameters 
of soybean. 
Dissertation organization 
This dissertation reports the candidate's original work on the effects of shallow water 
table on soil aeration, water quality and physiological growth of soybean. The dissertation 
contains three separate manuscripts. Each manuscript was written by the author in a format 
suitable for submission for publication to a referred technical journal. 
Each manuscript contains an abstract, introduction, materials and methods, results and 
discussion, and conclusions. The three manuscripts are preceded by a general introduction 
and review of literature and are followed by overall conclusions. The references cited in the 
general introduction, literature review, and suggestions for future work chapters are listed 
before the appendices. The references cited in the introduction, materials and methods, and 
results and discussion of each manuscript are listed at the end of that manuscript. 
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LITERATURE REVIEW 
Water table management 
High groundwater in humid regions was the primary justification for the development 
and use of drainage systems. Its origin traces back to Mesopotamia as early as 9000 years 
ago (van Schilfgaarde, 1971). Historic evidence also indicate that major drainage problems 
developed in irrigated areas, causing disappearance of ancient civilization because of the 
incapability in solving drainage problems (Donnan, 1976). All soils in humid regions require 
drainage for efiBcient agricultural production. Many soils have sufficient natural drainage but 
others need artificial drainage. Soils may be poorly drained due to climate (high precipitation) 
and irrigation practices (excess water application), their position in the landscape in relation to 
drainage outlets or irrigation canals, or low permeability and/or restrictive layers in the soil 
profile (Skaggs, 1987). In most humid regions, wet agricultural soil conditions during winter 
and early spring are followed by intermittent dry periods during the growing season. This 
necessitates irrigation for consistently profitable crop growth and production. The need for 
drainage during wet periods and the need for irrigation during dry periods led researchers to 
develop integrated subsurface drainage-irrigation (Skaggs, 1973, 1977; Doty and Parsons, 
1979; White, 1985; Evans et al., 1992; and Shirmohammadi et al., 1992). 
An integrated water management system includes surface drainage, plus water table 
control (WTC) via subsurface drainage, controlled drainage, and/or subirrigation (Fouss et al., 
1990). The system design should permit control of the water table depth over the range 
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needed for the cultural practices to be followed and crops to be grown. The overall goal is to 
manage and utilize the shallow groundwater in the soil profile as a source of water for crop 
production. Specific objectives of operation for a WTC system can vary with soil, climate, 
and topographic conditions, but the following two objectives generally apply to most systems 
designed for the humid region: (1) reduce crop stresses caused by excessive or deficit soil 
water conditions; and (2) minimize the need for subirrigation water fi-om external sources by 
efficient use of natural ranfall. 
Water table management practices help maintain adequate soil moisture and air in the 
root zone and create favorable environment for plant growth. The quantity of soil moisture 
and air in the root zone, however, depends on the depth at which the water table is 
maintained. Based on the availability of soil moisture and air in the root zone, crop 
physiological growth differ significantly, and transpiration rates, stomatal conductance, 
photosynthesis rates, and canopy temperatures vary. 
Crop response to water table depth has been reported in earlier studies (Williamson, 
1964; Goin et al. 1966; Williamson 1968; van Schilfgaarde and Williamson 1965; Williamson 
and Kriz, 1970). Recently, water table management by controlled drainage or controlled 
drainage-subirrigation practices has received renewed attention because excessive soil water 
has become a major factor affecting crop growth and >deld. Numerous field and lysimeter 
experiments (Ahmad et al., 1991, 1992; Kalita and Kanwar, 1992a, 1992b; Evans et al., 1990; 
Kanwar et al., 1988; Mukhtar et al., 1990) have been conducted to determine crop responses 
under diflferent water table management practices. Most of this research has focused on the 
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effects of water table control on crop yields. Importance of WTM through controlled 
drainage/subirrigation have been addressed in many studies conducted in Iowa (Kanwar et al., 
1983; Kanwar, 1984; Kanwar et al., 1989; Kanwar, 1990; Melvin et al., 1990; Melvin and 
Kanwar, 1994; Kanwar, 1993). However, few research have been conducted on crops 
physiological responses (like photosynthesis, stomatal conductance, transpiration rates etc.) to 
water table control. Also, there is scant information on the effects of WTM practices on 
groundwater quality. 
Water table control and soil aeration 
Supply of oxygen to roots and soil micro-organisms is an important part of soil 
aeration (Greenwood, 1975), Saturated soil conditions close continuous pores with water and 
the availability of oxygen can be restricted to that of dissolved in soil water and in entrapped 
soil air. Alteration of soil oxygen supply by saturated soil conditions/waterlogging can 
influence crop growth directly by impauing root function and indirectly by affecting the 
availability of plant nutrients (Cannell and Jackson, 1981). 
Patrick et al. (1973) measured soil O2 concentrations down to 120 cm in Mississippi 
River alluvial soUs differing in texture and internal drainage. They observed that early in the 
crop growing season, the soils with the poorer drainage usually had low O2 contents at 15 cm 
and below when soil pores contained too much water for O2 to diffusion in the gaseous phase 
below the surface 15 cm of soil. Later in the season, when these soils became dryer due to 
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drainage and moisture loss due to evapotranspiration, higher O2 concentrations throughout 
the soil profile were observed. 
Smith (1977) in a review of studies related to soil aeration reported that research on 
the effect of cultivation on the O2 content of the soil atmosphere indicated that variations in 
the seasonal rainfall had greater effects on the aeration of soil than differences in cultivation, 
and that soil O2 contents were much lower during the wetter years than those measured in the 
dryer years. 
In studies on crop response to drainage, van Schilfgaarde and Williamson (1965) 
determined the O2 concentrations at two different depths (8 and 15 cm) of a fine sandy soil 
packed in growth chambers. The water table in the chambers was maintained at 20 cm below 
the soil surface. They observed drastic reductions in the O2 concentrations below the soil 
surface as the water table approached. Moreover, an application of 2.5 cm of water at the soil 
surface resulted in reduced O2 concentrations at both the sampling depths. 
Patrick et al. (1969, 1973) found that the O2 concentration in heavy textured and 
poorly drained soils was a limiting factor for the optimum root development of cotton and 
sugar cane, especially in the early part of the growing season. 
Oxygen stress and plant growth 
Growth and yield of plant is influenced by a number of soil and climatic factors during 
the growing season. One of the most important of these factors is water. Water is required in 
significant amounts by soybean during the growing season (Scott et al., 1987), and yet water 
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can modify the potential plant growth rate when either too much or too little is available 
(Scott and Batchlor, 1979). The effect of too much water is known as aeration stress (Scott 
et al., 1989). 
Plants vary in their sensitivity to injury in anaerobic soils, and within the same species 
the effect may vary depending on its stage of growth and on the environmental conditions 
(Sallam and Scott, 1987). In sensitive plants, symptoms of injury can become evident in both 
roots and shoots. Soon after flooding, leaves may wilt, show epinasty ( the downward 
curvature of petioles), or become chlorotic and senesce prematurely (Russell, 1977). Stem 
elongation is often reduced and root growth is restricted. Exposure to anaerobic conditions 
for shorts periods, e.g., 24 h, can sometimes lead to permanent reduction in plant growth 
(Erickson and van Doren, 1961), whereas longer exposure may lead to death. 
The absence of oxygen in the soil initiates a sequence of chemical and biochemical 
reduction reactions, producing compounds that may be injurious to root metabolism (Jackson 
and Drew, 1984). Anaerobic metabolism within oxygen deficient roots may also give rise to 
such products as ethanol that are potentially injurious to metabolism if they accumulate to 
abnormally large concentrations (Fulton and Erickson, 1964). A comparison by Crawford 
(1967) of the metabolism of plants that varied in their tolerance to waterlogging suggested 
that the concentrations of ethanol were higher in sensitive plants. 
Detrimental effects of prolonged flooding on plant growth are usually attributed to an 
inadequate oxygen supply to sustain root respiration (Grable, 1966; Russell, 1977; Kanwar et 
al., 1989; Mukhtar et al., 1990). In soybean, excessive water may be detrimental to root 
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growth, and nodule formation and function ( Huck, 1970; Sallam and Scott, 1987; Turner et 
al., 1983). 
Investigations on the efifect of lower O2 concentrations on winter wheat emergence by 
Glinski et al. (1979) showed that at an O2 concentration of 0.5%, there was no emergence and 
the critical value affecting emergence was between 3 and 0.5%, while maximum emergence 
occurred at an optimum O2 concentration of more than 15%. Although the optimum soil O2 
concentration for root development and plant growth varies with plant age and the species. 
Kohnke (1968) and Kramer (1969) concluded that an O2 concentration greater than 10% is 
required for adequate growth of most plants. 
Plant root growth and activity are generally restricted due to O2 deficiency in the soil. 
Letey et al. (1962a, 1962b) reported that the roots of cotton, sunflower, and beans ceased to 
grow at low levels of O2 in the soil and an O2 concentration of less than 1% was detrimental 
during the early stages of growth. The threshold concentration of oxygen at which root 
extension begins to decrease is commonly about half the air (Turner et al., 1981; Bretani and 
Brambilla, 1982). Lateral root extension and number can also be reduced by low 
concentrations of oxygen (Geisler, 1965). 
Scotter et al. (1967) measured O2 uptake by the roots of dwarf peas at root 
temperature of 15 and 20 °C. A decrease in the O2 concentration around the roots fi-om 21% 
to 10% resulted in 15% reduction of respiration by roots. When the O2 concentrations around 
the roots were further reduced to 5 and 2.5%, the resultant decrease in O2 uptake by the roots 
was 40 and 70%, respectively. 
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Indicators of soil aeration 
Various methods have been proposed to assess the soil aeration status. These include 
determination of air-filled porosity, air permeability, gas diffusion coefiBcient, respiration rate, 
soil air composition (O2 and CO2 concentrations), oxygen diffusion rate (ODR), and redox 
potential (Eh). But, according to Glinski et al. (1979), the most important indices of the soil 
aeration status are the O2 concentration in the soil air, ODR, and Eh. 
The O2 concentration of the soil air or water in the root zone is a sensitive indicator of 
the amount of O2 available to roots (Patrick, 1977; Carter et al., 1984). The ODR method 
uses platinum electrodes to determine the rate of O2 diffusion through soil solution. The Eh 
per se, does not influence plants directly, but it is connected with changes in the chemical 
composition of the soil solution which itself is determined by the O2 status of the soil. 
Measurement of soil oxygen concentration 
To sample the soil atmosphere for the determination of O2 concentration, a variety of 
apparatuses has been used. One technique to sample soil atmospheres employs a diffusion 
chamber or a reservoir buried in the soil (Yamaguchi et al., 1962; Patrick, 1977; Burford and 
Stefanson, 1973; Carter et al., 1984; Dasberg and Bakker, 1970). Most of these chambers 
were designed to be left in place for several samplings. Dasberg and Bakker (1970) used a 
diffusion chamber technique to sample soil air for characterizing soil aeration under changing 
soil moisture conditions. A 1.5-cm^ diffusion chamber was installed at each of three different 
sampling depths in a potted soil. One end of another small chamber (0.1-cm^ volume) was 
connected to the difiusion chamber with a rubber tube and the other end of this small 
chamber was connected to a membrane covered O2 electrode and O2 analyzer. A 1 cm^ 
sample was pulled with a hypodermic needle and syringe assembly and analyzed for O2 
concentration. The sample was then mjected back into the difiusion chamber in order not to 
disturb the O2 distribution pattern in the soil. 
Some of the earlier methods (Boynton and Reuther, 1938; Russell and Appleyard, 
1915) involved extractions of large samples of soil air (100 cm^ or more) for the analysis of O2 
concentration in the soil atmospheres, and there is a doubt whether these relatively large 
samples were a satisfactory measure of the atmosphere in the small soil air space (Hack, 
1956). 
Some other sampling techniques exist (Kristensen and Enoch, 1964; Robertson and 
Bracewell, 1979; Maidl and Fischbeck, 1981; Stanley, 1980) in which vary small soil air 
samples have been withdrawn to measure soil O2 concentration at various depths. It was 
found by Hack (1956) that the size of the air sample extracted from the soil strongly 
influenced its composition. Small samples contained less O2 and more CO2 as compared to 
larger ones. Further, the variability in composition of the 'hiicro samples" was much higher 
than for the "macro samples". 
In Stanley's (1980) opinion, the usage of the equilibrium diffusion chambers or 
reservoir samplers (Boynton and Reuther, 1938; Yamaguchi et al., 1962; Hack, 1956; Rutter 
and Webster, 1962; Taylor and Abrahams, 1953; Dasberg and Bakker, 1970) is advantageous 
15 
in the fine textured soils where plugging often limits use of point source samplers especially 
under moist conditions. 
Mukhtar (1989) developed a simple method of soil atmosphere sampling and analysis. 
It involves use of an atmosphere access chamber, a dual syringe sampling assembly, and a 
sample reservoir for rapid and nondisruptive measurement of soil atmosphere. This method 
will be used by the author for the determination of soil oxygen concentration. 
Water table control and Nitrate-N leaching 
Nitrate leaching into groundwater is one of the major pollution problems facing 
agriculture today (Hallberg, 1984). The public is especially concerned about nitrate-nitrogen 
(NO3-N) losses from agricultural land to surface water and ground water (Hamlett et al., 
1987). The current U. S. Environmental Protection Agency health standard (Maximum 
Contaminant Level, (MCL) for nitrate-nitrogen in public drinking water supplies is 10 ppm 
(40 CFR, Parts 141,142 and 143). This standard was suggested because methemoglobinemia 
(blue-baby disease), caused by the biochemical reduction of nitrate to nitrite in the intestinal 
tract, can occur in infants who drink water with nitrate concentration higher than 10 ppm. 
Hubbard and Sheridan (1989) documented that in many agricultural areas, nitrate levels in 
drinking water were higher than the MCL. Soil conditions conducive to nitrate leaching are 
nitrate concentrations in excess of plant requirements, rapid infiltration rates, and low water 
holding capacities (Loehr, 1984). 
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Water table management (WTM) techniques, specifically drainage-subirrigation (CD-
SI) and controlled drainage (CD), have been identified as beneficial practices for reducing 
nitrate loss fi-om the soil matrix by mcreasing denitrification (Gilliam et al., 1979; Skaggs and 
Gilliam, 1981; Gilliam and Skaggs, 1986; Gambrell et al., 1975a, 1975b; Kalita and Kanwar, 
1989; Madramootoo et al., 1991; Madramootoo and Papadopoulos, 1991; Fausey et al., 
1995). Water table management can be especially effective in reducing NO3-N loss during 
winter fallow periods (Gilliam et al., 1979; Skaggs and Gilliam, 1981). 
Evans et al. (1989) presented a compilation of data fi-om North Carolina supporting 
the classification of controlled drainage as best management practice (BMP). Their data 
showed that controlled dramage decreases both surface and subsurface nitrogen losses as 
opposed to uncontrolled drainage. They found the average nitrogen loss reduction resulting 
fi-om drainage control in North Carolina to be 45%. They concluded that denitrification 
accounted for the reduced nitrogen transport fi-om controlled drainage sites in eastern North 
Carolina, where conditions are conducive to denitrification. 
Thomas et al. (1987) measured NO3-N concentrations in shallow subsurface wells and 
outlets of a controlled drainage-subirrigation system in a blueberry field in the Georgia 
flatwoods. Their results showed that NO3-N concentrations were less than the 10 mg/L MCL 
for public diinking water supplies for all outflow samples, although 6% of the shallow 
groundwater samples within the field exceeded this limit. 
Skaggs and Gilliam (1981) used a modified version of DRAINMOD to predict nitrate 
movement firom artificially drained soils with high water tables. They determined that 
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controlled drainage during both the winter months and the growing season can greatly reduce 
nitrate losses that occur via drainage waters. 
Bengtson et al (1988) studied the influence of subsurface drainage practices on 
nitrogen and phosphorus losses on a Commerce clay soil in the lower Mississippi River valley. 
Compared to undrained areas, they found that subsurface drainage reduced surface runoff by 
34%, reduced erosion by 30%, and reduced nitrogen and phosphorus surface losses by 20 and 
36%, respectively. Total drainage was increased by 35% of the total nitrogen lost (surface 
and subsurface) from the drained plots. 
Kalita and Kanwar (1989) found nitrate concentrations in the unsaturated zone to be 
greater than those in the saturated zone. They also found that decreasing the water table 
depth from 90 cm to 30 cm below the soil surface produced a corresponding decrease in 
nitrate concentrations. At approximately 60 cm below the water table, very low nitrate 
concentrations were found. This finding may be attributed to increased denitrification due to 
high water table conditions. 
Wright et al., (1992) studied the impact of drainage on water quality using a linked 
DRAINMOD-CREAMS modeling effort and data from Louisiana. Their study concluded 
that although the CD-SI system increased the predicted runoff nitrogen and sediment nitrogen 
by 340% and 118% respectively, it decreased nitrogen leaching by 35%. They also concluded 
that the predicted net nitrogen nonpoint source pollution losses to surface and ground water 
sources were 17.8% less for the CD-SI system than for subsurface drainage. 
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Gilliam et al. (1979) evaluated whether CD could reduce nitrate loss from jSelds. 
Flashboard riser control structures were installed in mainlines and outlet ditches to raise water 
tables and, in turn increase denitrification in the soil profile. They found that in a moderately 
well-drained soil, a large reduction in NO3-N loss occurred due to reduced tile effluent - not 
due to increased denitrification. In poorly drained soil, NO3-N losses were reduced by 50% 
by adding CD. Outlet control caused increased water movement into and through deeper soil 
horizons. 
Jacob and Gilliam (1985) investigated the nitrate concentrations in drainage outflow 
from agricultural fields to determine N losses in a study in North Carolina because N has 
potential to cause eutrophication of estuaries and Coastal Plain streams. Ten to 55 kg ha"' yr"' 
NO3-N were lost to subsurface drainage water in a Coastal Plain watershed with well to 
moderately-well drained soils. Subsurface drained fields with ditch outlets apparently moved 
more N to surface water than non-drained fields. 
Evans et al. (1991) summarized results of 10 studies representing approximately 120 
site-years of data collected on poorly drained soils in North Carolina. These studies were 
conducted to evaluate the effects of subsurface drainage, CD and CD-SI on nutrient and 
pesticide movement to surface and ground water. Fertilizer nutrient losses in conventional 
drainage effluent typically exceeded 20 kg N and 0.25 kg P ha"' yr'V 
Another study in North Carolina was to determine the effects of various artificial 
drainage treatments on movement of N and P from poorly drained soils in the Coastal Plain 
(Deal et al., 1986). Computer simulations were used to predict N and P losses over 20 years 
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from six soils. The results showed that both drainage system design and management can 
significantly affect N and P movement in drainage effluent. 
Gambrell et al. (1975) reported that in well-drained soils that were not saturated for 
extended periods, denitrification was limited. This limitation allowed fertilizer not taken up by 
the crop to potentially move to shallow aquifers and later to surface water. Baker and 
Johnson (1976) showed that artificial drainage increases nitrate movement from agricultural 
sites whether additional fertilizer was applied or not. 
In a study to evaluate the effect of drainage on the fate of un-utilized fertilizer N in 
North Carolina, Gambrell et al. (1975) found smaller loss due to denitrification of residual 
nitrate in shallow ground water. Skaggs (1987) reported that surface drainage systems tend 
to have higher runoff rates, with higher concentrations of sediment, phosphorus, and 
pesticides, than do subsurface drainage systems. However, outflow water from subsurface 
drainage systems has a higher concentration of mobile compounds such as nitrates. 
Water table control and pesticide transport 
Pesticides have been detected in surface and subsurface drainage outflows (Bastien et 
al., 1990; Bengtson et al., 1990; Kaldivko et al., 1991; Leonard et al., 1988; Skaggs et al., 
1994). In general, pesticide occurrence in outflow could be related to pesticide solubility, 
sorption coefficients, and soil persistence characteristics (Bengtson et al., 1990; Kaldivko et 
al., 1991; Pivetz and Steenhuis, 1989). Both atrazine and alachlor have been detected in 
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surface and subsurface drainage outflow at concentrations exceeding the MCL advisory of 3 
and 2 |ag/L, respectively. 
The influence of drainage system design and intensity on pesticide fate and transport 
have not been clearly documented. Concentrations of most pesticides studied have been 
several times higher in surface drainage (runoff) than in subsurface drainage (Bengtson et al., 
1990; Southwick et al., 1990; Smith and Cullum, 1992). Thus far, considerable variation has 
been observed between systems and from year to year for multi-year studies. High pesticides 
concentrations in subsurface flow have generally been attributed to preferential flow 
(Kaldivko et al., 1991; Leonard et al., 1988). Pesticide recovery in drdnage outflow has 
typically accounted for less than 0.1 percent of amount applied, with most of the recovery 
occurring within 30 days after pesticide application. Recovery of greater amounts in drainage 
outflow (up to 3 percent of applied) has been associated with intense ramfall and runoff soon 
after application ( Southwick et al., 1990; Bengtson et al., 1990). 
Investigation of the influence of controlled drainage/subirrigation on pesticide 
transport is just beginning. Several studies are in progress; but, little information is currently 
available. Munster et al., 1991 observed a 25% increase in aldicarb transport in controlled 
drainage outflow compared to conventional drainage. It should be noted, however, that 
recovery of applied aldicarb was very low in both drainage treatments accounting for less than 
0.05% of the applied amount. Aijoon et al. (1992) and Kalita and Kanwar (1990) observed 
lower soil-solution concentrations of Prometryn and Atrazine, respective, under controlled 
drainage compared to conventional drainage. They hypothesized that water table control 
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slowed vertical leaching of these pesticides to ground water, but did not report the impact on 
drainage outflow. They also acknowledged that considerably more data were needed to 
provide more conclusive results. 
Bastien et al. (1990) measured pesticide concentrations in tile drainage in the two 
potato fields where nutrients losses were measured. Metribuzine was detected in the tile flow 
at concentrations up to 3.47 ng/L. Concentrations in surface runoff samples were higher 
(33.6 to 47.1 |ig/L). Aldicarb, fenvalerate and phorate were not detected in drainage waters. 
Nitrate and pesticide leaching fi-om potatoes have been studied in Atlantic Canada. In 
a two-year study involving five on-farm sites in New Brunswick, flow-weighted average 
nitrate concentrations of the subdrain discharge were greater than 10 mg/L (Milbum et al., 
1990 as cited by Ritter et al., 1993). Herbicides dinoseb and metribuzine used in potato 
production were also detected in the drain discharge (95% of positive samples <2 |ig/L) both 
during the year of application and again the folloAving spring, but concentrations were less 
than detection limits 12 to 18 months aflier application (Milbum et al., 1991). 
Water stress and crop physiological response 
Crop production is based on photosynthesis. Improvement of the photosynthetic 
mechanism has become one of the major research interests of recent decades. Many 
enviroiunental factors, such as photosynthetic active radiation (PAR), CO2 concentration, and 
water status of plants and soil, affect photos3mthesis as reported by many researchers. It has 
been shown that water stress reduced the rate of CO2 assimilation and leaf conductance in 
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com during a period of 14 days when leaf water potential decreased from -0.5 to 8.0 bars 
(Wong et al., 1985). Huber et al. (1984) reported that water stress reduced carbon exchange 
rate (CER) of soybean, and the reduction was greater in non-COa enriched plants than in CO2 
enriched plants. As CER declined, stomatal resistance increased, but this was not the primary 
cause of decrease in assimilation because CO2 concentration remained relatively constant. 
In recent years, many researchers have been interested in understanding how water 
stress limits photosynthesis. Mohanty and Boyer (1976) and Mooney et al. (1977) reported 
that quantum yield of photosynthesis was decreased at low water potential. Photorespiratory 
CO2 evolution was also shown to decrease at low water potential in wheat and sunflower 
(Lawlor and Fock, 1975; Lawlor, 1976; Mohanty and Boyer, 1976). In addition, 
photosynthetic electron transport chain activity was inhibited in plants subjected to water 
stress (Nir and Mayber, 1967; Boyer and Bowen, 1970; Fry, 1972; Keck and Boyer, 1974). 
Nicolodi et al. (1988) determined photosynthesis of the upper leaves of irrigated and 
nonirrigated alfalfa (cv. Dabina) for two years. In both years, net photosynthesis (Pn) was 
inhibited more than 35% in nonurigated plants compared to irrigated plants, which had higher 
leaf water potential. 
Control of stomatal opening and closure is important to photosynthesis and its 
response to moisture stress. Boyer (1976) reported that at low leaf water potential, 
photosynthesis can be reduced by stomatal closure, which mcreases the diflusive resistance to 
the entry of CO2 into the leaf GoUan et al. (1986) reported that stomatal conductance can 
depend directly on soil water status, because stomata of sunflower started to close as the soil 
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water content decreased even though the leaf water status was maintained at a high level. The 
decrease in stomatal conductance can occur without a change in leaf water potential (Bates 
and Hall, 1981; Blackman and Davies, 1985). In addition, light and CO2 also affect stomatal 
movement. Guard cells respond to both light quality and flux density. Fischer (1968), Travis 
and Mansfield (1981) reported flux density-dependent increases in stomatal aperture in 
epidermal peels exposed to light in C02-fi'ee ah". Sharkey and Reschke (1981) showed 
changes in stomatal conductance as a function of light quality and intercellular CO2 
concentration. It is apparent that stomatal movement in response to water stress is 
complicated. However, it is clear that stomata impose a large limitation on photosynthesis, 
especially under water stress. 
Optimum leaf temperature is important for photosynthesis. Low leaf temperature 
reduced assimilate rate by reducing activity of rubisco and the capacity of electron transport, 
while high leaf temperature also reduced photosynthetic rate by reducing electron transport 
capacity and increasing the rate of CO2 evolution fi-om photorespiration (Farquhar and 
Skarhey, 1982). Scott et al. (1981) showed a linear relationship between leaf temperature and 
water potential. Leaf temperature of soybean increase linearly as water potential decreased. 
In addition, air temperature, relative humidity and wind speed also affect leaf temperature 
(Jackson, 1982). 
Leaf transpiration has large effects on leaf temperature because of its high cooling 
effects. However, transpiration is controlled by stomatal movements. Stomatal closure due 
to water stress decreased leaf transpiration, which in turn, increased leaf temperature and 
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decreased photosynthesis (Beardsell et al., 1973; Ehrler et al., 1978; Teare and Kanemsu, 
1972). 
Under non-stress conditions, irradiance is the most important environmental factor 
causing variations in photosynthetic rates (Reed et al., 1976; Hari et al., 1981). Dwyer and 
Stewart (1986) observed that the dependence of photosynthetic rate on irradiance was 
nonlinear function best described by a rectangular hyperbolic equation. 
Hesketh (1963) showed that species can vary greatly in rate of photosynthesis, but this 
variation is not related to variation of chlorophyll content. Kariya and Tsunoda (1972) also 
reported that the rate of photosynthesis was not necessarily related to chlorophyll contents, at 
least under high light. In addition, Vu and Yelenosky (1988) showed a relative constant 
chlorophyll content during water stress. In orange leaves, the chlorophyll contents were 5.7, 
5.9, 5.5, and 6.4 mg/g leaf wt for stress leaves and 5,9, 6.0, 5.8, and 5.9 mg/g leaf wt in 
controls. Although, there are controversial reports about the relation between chlorophyll 
content and photosynthesis, a positive relation is well documented. Nevins and Loomis 
(1970) showed that gross photosynthesis of sugarbeet (Beta vulgaris L.) was correlated 
positively with chlorophyll concentration. Bear and Schrader (1985) reported that CER was 
correlated with chlorophyll concentration. A rather good conelation between chlorophyll 
content ^'*C02 uptake in 48 field-grown soybean cultivars has been reported (Buttery and 
Buzzell, 1977). They showed that 44% of the variability in photosynthesis was due to 
variation in chlorophyll contents. 
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Estill et al. (1991) evaluated leaf chlorophyll response of alfalfa to different moisture 
regimes for two color variants (pale and dark). The chlorophyll concentration of pale variants 
remained the same for the moisture extremes, while the chlorophyll in the dark variants was 
20% lower in the low moisture regime compared with the high moisture treatments. 
Kalita and Kanwar (1992) investigated the effects of water table management practices 
on some physiological parameters of com using energy balance concept. They found that 
stomatal conductance and transpiration rate were very sensitive to water table depth during 
vegetative and flowering stage of com. The highest values of stomatal conductance and 
transpiration rate were observed for a water table depth of 0.3 m. On the contrary, a shallow 
water table depth of 0.2 m caused waterlogging in the root zone and resuhed in poorest plant 
grovrth and lowest values of stomatal conductance and transpiration rate. They concluded 
that plant physiological parameters could be used to evaluate the best management practices. 
Miijat (1994) also evaluated the effects of various water table depths (WTDs) on 
different physiological parameters of com. He found that photosynthesis, stomatal 
conductance, transpiration rate, intercellular CO2 and chlorophyll content were significantly 
affected at WTDs of 0.2 and 1.1 m as compared to those at WTDs of 0.3, 0.6 and 0.9 m. 
Also, there was a strong positive correlation between photosynthesis and leaf chlorophyll and 
between stomatal conductance and transpiration rate. Miijat et al. (1995) found decreases in 
the photosynthesis rates and chlorophyll content of com due to flooding stresses. They also 
observed significant reduction in yield when crop was flooded for 9 days. 
In summary water stress induces many physiological responses in plants. It is clear 
that the reduction of photosynthesis related to water stress may be due to both nonstomatal 
effects and stomatal effects. The former reduce photosynthesis by such indirect effects as 
increased root resistance to water transport and induced xylem embolism and by direct effects 
such as reduced photochemical capacity, while the latter reduces photosynthesis by closing 
stomatal, which decreases internal CO2 concentration. 
Water stress and soybean 
Legumes vary widely in their tolerance to excessive moisture conditions, from the 
flooding-sensitive pea (Jackson 1979) to relatively tolerant cowpea (Minchin and Summerfield 
1976) and the aquatic Neptunia. In excessive moisture conditions, oxygen supply is generally 
considered the mam factor limiting root growth (Huck 1970) and nodule function (Bond 
1950; Bergersen 1971) although in some circumstances toxic substances may accumulate. 
Soybean (Glycine max (L). Mer.) seems fairly tolerant of waterlogging and soybean nodules 
recover rapidly when excessive moisture is removed (Sprent 1969). Criswell et al. (1976) 
showed that modulated roots of intact plants were considerably less sensitive p02 than were 
detached root systems and could adapt to prolonged periods of reduced p02. Turner et al. 
(1983) reported that soybeans were more resistant to anoxia than they expected, and 
suggested that some oxygen may be able to difiiise to roots from the aerial parts. Bennett and 
Albrecht (1984) reported that flooding for 14 d had little effect on measured nodule activity 
although some leaf yellowing occurred. In greenhouse studies (Hunter et al., 1980), a very 
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high water table (30 mm or 150 mm from the soil surface) produced temporary chlorosis 
followed by recovery in leaf color and by proliferation of roots and nodule in very wet layer 
above water table. In a late maturing line, both water levels resulted in increased plant 
growth. 
Soybean is known to be more tolerant than most crops to temporary waterlogging 
(Stanley et al., 1980). Further, it has been demonstrated in both glasshouse (Hunter et al., 
1980; Nathanson et al., 1984) and field (Troedson et al., 1989)studies that soybean can 
acclimate to saturated soil culture (SSC) and substantially out-yield conventional irrigated 
crops. Yield increases in field trials have been up to 50%. The SSC stimulates both 
photosynthesis (through enhanced leaf water status) and nitrogen fixation (through increased 
nodulation)(Nathanson et al., 1984; Troedson et al., 1989). Cooper et al. (1992) studied the 
effects of water table management practices on the yield of soybean. They found highest 
soybean yield under 0.41-m water table depth. Madramootoo (1993) found 0.60-m water 
table depth to be suitable for optimum growth and yield of soybean. Oosterhuis et al. (1990) 
found significant decreases in net photosynthesis, stomatal conductance and seed yield of 
soybean when they were flooded (water table maintained at 5-cm above the soil surface) for 7 
days. 
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WATER TABLE DEPTH AND ITS EFFECT ON SOIL AERATION AND 
SOYBEAN YIELD: LYSIMETER STUDY 
A paper submitted to the Transactions of the ASAE 
T. Sarwar and R. S. Kanwar 
ABSTRACT 
Experiments were conducted in two controlled environment growth chambers to 
evaluate the effects of shallow water table depths on soil aeration and growth of soybean 
{Glycine max (L.) Merr.]. Water tables (WT) were maintained at 0.15-, 0.30-, 0.45-, and 
0.60-m below the soil surface. Soil aeration status was determined by measuring oxygen 
concentrations periodically at 0.15-, 0.30-, and 0.60-m depths. Effect of WT on crop growth 
was determined in terms of plant height, seed yield, and shoot dry weight of soybean. Resuhs 
of this study showed that soil oxygen concentration was significantly reduced by raising the 
WT depth. Average oxygen concentrations at 0.15-m soil depth was 27% higher compared 
with 0.30-m soil depth. Effect of water table on plant height was not noticed until the later 
part of the vegetative stage (72 DAP). Shallow water table depths significantly reduced plant 
height and grain yield compared with deeper WT depths. Highest soybean yield was obtained 
under 0.60-m WT depth and the lowest was for 0.15-m WT depth. Average yield obtained at 
0.15-m WT was 42% lower than 0.66-m WT treatment. No significant differences were 
observed between 0.30- and 0.45- WT treatments, although the yield values for the 0.45-m 
WT treatment were greater than for the 0.30-m treatment. Shoot dry weight results of 
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soybean showed the trends similar to plant height and grain yield. Soil air-water conditions 
imposed by 0.60-m WT treatment of this study seems to provide the most favorable balance 
between aeration and water supply for soybean growth. 
INTRODUCTION 
Crop responses to water table depths have been reported in several studies (van 
Schilfgaarde and Williamson, 1965; Campbell et al., 1972; Ahmad et al., 1992; Cooper et al., 
1991, 1992; Kalita and Kanwar, 1992; Mukhtar et al., 1990). Water itself is not injurious to 
root and most plants can be grown in well-aerated water cultures (Williamson and Kriz, 
1970). But excessive soil water in the root zone is invariably accompanied by oxygen 
deficiency, and roots of practically all crop plants except rice sire injured if the soil in which 
they are growing is allowed to remain waterlogged. Decreasing soil aeration affects the plant 
root system in several ways. Reduced root elongation (Trouse, 1971), reduced weight (Eavis 
and Payne, 1968), and reduced penetration into the soil (Kohnke, 1968) are direct results of 
low soil-oxygen levels. Water and nutrient uptake may also be reduced at low soil-oxygen 
levels (Letey et al., 1965; Wesseling, 1974). Thus under excessive soil-water conditions, 
inadequate soil aeration is the primary limiting factor that inhibits good plant growth. 
The eflFect of a short-term soil O2 deficiency on root development and plant growth 
may vary vwth the species and the age of a plant (Leyton and Rousseau, 1958). Studies have 
been carried out to determine the significance of soil aeration and its relationship with crop 
yield. Campbell et al. (1969) conducted growth chamber experiments to study the effects of 
soil water stress and oxygen diffiasion rate on seed set and wheat yield. In their study, 
treatments where soils were irrigated at lower soil-suction values showed yield increases of 
80% over the control; however, where soil aeration conditions were improved, wheat yield 
increased by 230% over the control. Higher wheat yield was obtained by improving soil 
aeration than by improving soil water conditions. Saini (1973) found that oat yields increased 
from 0.55 g pof' to 10.88 g pot"' as oxygen diffusion rate (ODR) varied from 12.2 to 51.7 x 
10"^ g m'^ s'\ Phene et al. (1976) found millet dry weight yield doubled under wet soil 
conditions when ODR at 10-cm depth increased from 15.0 to 25.0 x 10"^ g m'^ s'V This 
agreed with the findings of Stolzy and Letey (1964); however, Mclntyre (1970) stated that it 
is not known what if any are the critical values of oxygen flux for root or plant growth. Low 
aeration may increase the incidence of some plant diseases (Miller and Burke, 1977). 
Legumes vary widely in their tolerance to excessive moisture conditions, from the 
flooding-sensitive pea (Jackson, 1979) to the relatively tolerant cowpea (Minchin and 
Summerfield, 1976) and the aquatic Neptunia. In excessive moisture conditions, oxygen 
supply is generally considered the main factor limiting root growth (Huck, 1970) and nodule 
function ( Bond, 1950; Bergersen, 1971) although in some circumstances toxic substances 
may accumulate. Soybean {Glycine max (L.) Merr.] seems fmrly tolerant of wateriogging, 
and soybean nodules recover rapidly when excessive moisture is removed (Sprent, 1969; 
Stanley et al., 1980). Further, it has been demonstrated in both glasshouse (Hunter et al., 
1980; Nathanson et al., 1984) and field (Troedson et al., 1989) studies that soybean can 
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acclimate to saturated soil culture (SSC) and substantially out-yield conventional irrigated 
crops. Yield increases in field trials have been up to 50%. The SSC stimulates both 
photosynthesis (through enhanced leaf water status) and nitrogen fixation (through increased 
nodulation)(Nathanson et al., 1984; Troedson et al., 1989). Cooper et al. (1992) studied the 
effects of water table management practices on the yield of soybean. They found the greatest 
soybean yield at 0.41-m water table depth. Madramootoo et al. (1993) found increases in 
soybean yield when water table levels were maintained between 0.60 and 0.80-m, compared 
with conventional drainage. 
A few studies have been conducted to understand the eflfects of water management 
practices on the yield and other growth parameters of soybean (Stanley, 1980; Reicosky, 
1972; Cooper et al., 1991,1992). But limited work has been done to investigate the effects of 
these practices on soil aeration and on soybean's yield response to soil aeration. Therefore, 
the objectives of this study were (1) to determine the soil aeration status by measuring the 
oxygen concentration under different water table depths, and (2) to investigate soybean's 
production function in relation to soil oxygen and water table depth. 
MATERIALS AND METHODS 
To determine the effects of shallow water table depth on soil aeration and yield of 
soybean, two controlled-environment growth chambers (Conviron' PGW36; 247 x 137 x 196 
' The mention of trade or manufacturer names is for the benefit of readers only and does not imply an 
endorsement, recommendation, or exclusion by Iowa State University. 
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cm) were used. Daily diurnal temperatures inside the growth chambers were programmed to 
simulate Ames climatic conditions between May 01 and September 30. These temperature 
values were based on the 30-year (1965-1994) maximum and minimum temperatures for the 
corresponding dates. The temperatures were ramped between hourly set points. For the 
variable daylight periods, light was provided by 45 incandescent 120-W and 30 fluorescent 
115-W light bulbs. During the first hour, only incandescent light was used and for the last 
hour, only fluorescent light was provided. Relative humidity in these chambers could not be 
controlled; however, its values were above 50% for most of the growing season. 
Construction of the lysimeters 
Lysimeters were made firom plastic containers (52 x 42 x 71 cm) for growing soybean 
plants in the growth chambers. A hole (about 2.50-cm diameter) was made at a height of 5-
cm firom the bottom of the plastic container with a power saw (Figure 1). This hole was fixed 
with a bung crossing the container wall on both sides and provided a watertight seal. To raise 
or lower the water level in the container, a 5-cm diameter perforated plastic pipe was 
cormected by plastic coupling to the bung. The outside of the bung was fitted with a garden-
hose barb, connected to a float system and a water supply reservoir by a transparent polyvinyl 
tube. The float system consisted of a small bucket-type water reservoir and a float. The 
system was portable and was used to change the water level inside the container by changing 
its height on wooden blocks, which could be adjusted according to the need of the study. 
The oxygen chambers were installed (to take soil air/water sample for determining the oxygen 
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concentration) at depths of 0.15-, 0.30- and 0.60-m in each of the sixteen lysimeters. A 
plastic pipe (0.80-m long and 2.54-cm ED) was installed in each lysimeter to measure the 
water levels position inside the lysimeters. 
Placement of soil in the lysimeters 
The soil used for this study was Nicollet loam soil from the Clarion-Nicollet-Webster 
Association. Some of the physical properties of this soil are given in Table 1. A small area (8 
m X 4 m) in the jBeld was selected, crop residues were removed, and the area was then divided 
into 16 smaller areas (2m x 1 m), one for each lysimeter. The soil profile of each smaller area 
was excavated in 0.15-m layers, to a depth of about 0.75-m. The soil was dried, ground and 
sieved before being placed into the lysimeters. To match the original vertical soil profile and 
bulk density, soil was packed into the lysimeters was done in the same order of layers. 
Surplus soil, if any, was saved for later use of lysimeters in the event soil settling occurred in 
the lysimeters. Soil-filled lysimeters were then placed in the growth chambers. Eight 
lysimeters could be placed in one growth chamber at a time (Figure 2). To allow the soil to 
settle, water was raised slowly (about 10-cm in 4 hours) from the bottom of the lysimeters to 
the soil surface of each lysimeter and was kept there for three days. Soil in almost all the 
lysimeters settled during this flooding event. The lysimeters were then refilled with the 
surplus soil to bring the depth of the soil in the lysimeters to the depth of the original soil 
excavation. The same soil type was used in both the growth chambers. 
Soil-air access chamber installation in the iysimeters 
To determine soil oxygen concentration at various depths in the Iysimeters, a 
procedure described by Mukhtar (1989) was used. A set of soil-air access chambers was 
installed at depths of 0.15-, 0.30-, and 0.60-m in each lysimeter at the time of soil placement. 
Details of soil-air or oxygen access chambers are illustrated in Figure 3. These chambers were 
made from stainless-steel cylindrical fiher screen ( Part No. 3800 0025, HYPRO Inc.,^ New 
Brighton, MN 55112) having 1.6 slots per linear mm (i.e., 40-mesh size). The oxygen 
chambers were 93-mm long and 40-mm in diameter. One side of the oxygen chamber was 
capped with a solid No. 8 rubber stopper, and the other side was capped with a double hole. 
No. 8 rubber stopper. Two flexible tubings - one of 6.35-mm diameter (and 1.59-mm wall 
thickness) polyurethane tubing, and the second of 1.57 mm diameter ( and 0.66-mm wall 
thickness) polyethylene tubing-were inserted through the two-hole stopper so as to reach to 
the center of the chamber. Inside the chamber, a rubber balloon (about 90 mm long and 34 
mm in circumference) was attached to the 6.35-mm diameter polyurethane tubing. Both 
rubber stoppers were then pushed tightly to close both ends of the chamber. Also, a piece of 
fiberglass matting was wrapped around the soil-air access chamber to prevent any movement 
of the soil particles into the chamber. 
 ^The mention of trade or manufacturer names is for the benefit of readers only and does not imply an 
endorsement, recommendaticn, or exclusion by Iowa State University. 
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Planting 
In the center of each lysimeter, a groove was made about 20 cm from the walls. 
Eighteen soybean (cv. Hobbit 87) seeds were planted in each lysimeter. After germination 
these plants were thinned to sbt plants per lysimeter. The same procedure was repeated in 
both growth chambers. Before planting, soil samples were taken from all lysimeters to 
determine the soil fertilizer needs. The resuhs of soil analysis showed high amounts of 
phosphorus and potassium already present in the soil; therefore, no fertilizers were applied. 
Herbicide metolachlor (trade name dual) was applied at a rate of 2.2 kg/ha to all the 
lysimeters. 
Irrigation 
To determine the amount of water requked for each surface irrigation during the 
growing season, thirty years (1965-1994) of rainfall data were obtained, and weekly averages 
were calculated from May 01 through September 30. To simulate field conditions, rainfall 
water was applied on a weekly basis (equal to 30 years average weekly rainfall) in the form of 
irrigation because rainfall intensities in the controlled environment growth chambers could not 
be obtained. This kind of irrigation schedule was needed to match climatic conditions for 
soybeans grown m the humid midwest. 
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Soil-air/water sampling procedure 
Soil-air/water sampling from various depths of the lysimeter to determine oxygen 
concentrations involved the construction of soil-air access chambers, a dual action syringe 
assembly, and a sample analyzing chamber. The description of the soil-air access chamber 
was given in the previous section of this paper. 
Dual-action syringe sampling assembly: The dual-action syringe assembly consisted of two, 
60-cc plastic, disposable syringes (Cat. No. 14-823-200, Fisher Scientific Company^ , Itasca, 
IL 60143). These syringes were mounted on a metal brace with needle ends opposite to each 
other in such a way that, when the plunger of one syringe was pulled to draw air or water, the 
plunger of the other syringe was pushed automatically to release an equal volume of water 
(Figure 4). 
Analy^ng chamber. A sample analyzing chamber was especially constructed to house an O2 
probe (Figure 5). This chamber consisted of a 10-cm long plastic centrifuge tube (2.9-cm 
OD X 1-mm wall) for analyzing 20-ml soil air/water samples. A 7-mm hole was made at the 
bottom of this tube, and a polyurethane tube (6.35-mm OD) was mserted into it to release 
water from the centrifuge tube. Another 10-mm diameter hole is drilled into the centrifuge 
tube 2 cm below its top. A polyethylene connector (male end) was inserted into the 
centrifuge tube through this hole and was sealed with an epoxy adhesive. A rubber septum 
stopper was mounted on the other end of the connector outside the centrifiige tube. 
' The mention of trade or manufacturer names is for the benefit of readers only and does not imply an 
endorsement, reconuneadation, or exclusion by Iowa State University. 
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A battery-powered portable O2 meter (Model 7932, Leeds and Northrup" , North 
Wales, PA 19454) with an oxygen probe was used to measure soil oxygen concentrations in 
the soil-air and dissolved oxygen in the soil-water . This O2 meter was capable of recording 
O2 concentration from 0 to that in the atmosphere over a range of 4 to 30 °C and with an 
accuracy of about 0.2% volumetric O2. Before and after each set of measurements, the O2 
probe was calibrated against the natural atmospheric O2 content at 20.2%. Readings for O2 
concentration (percent by volume or ppm depending on air or water sample) were taken when 
the meter reading became steady, usually in 2 minutes or less. 
Soil-air/water analysis for oxygen concentration 
For soil-air samples analysis, the centrifuge tube of the analyzing chamber was totally 
filled with water through the open top end. The 6.35-mm diameter polyurethane tube, 
connected to the bottom of the centrifuge tube, was raised m such a way that the water 
elevations in the polyurethane tube and the centrifiige tube (filled to the top) were at the same 
levels. At this point, the centrifuge tube and the polyurethane tube were clamped to a 
stationary stand. The oxygen probe was inserted into the water-filled centrifuge tube fi-om the 
top and pushed down firmly to establish a complete seal between the probe and the centrifuge 
tube; thus, no air could penetrate into the centrifuge tube. During this procedure the amount 
of water displaced from the centrifuge tube (which was spilled over through the 6-mm 
" The mention of trade or manufecturer names is for the benefit of readers only and does not imply an 
endorsement, recommendation, or exclusion by Iowa State University. 
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diameter polyurethane tubing) was equivalent to the volume of the probe staying inside the 
water-filled centrifiige tube. 
To sample soil air from a chamber at a desired depth, the dual-action syringe assembly 
was used. One syringe was filled with water and connected to the polyurethane tubing 
(connected to the balloon), and the needle of the other syringe, totally empty, was inserted 
into the rubber septum of the polyethylene tubing. A 20-ml soil-air sample was vwthdrawn 
from the oxygen access chamber very slowly. As the soil air was withdrawn, water from the 
other syringe was being injected into the balloon simuhaneously. This mechanism resuhed in 
collecting an undisturbed air sample. The 20-ml soil-air sample collected from a particular 
depth was the resuh of the equivalent volume of air displaced because of the simultaneous 
mflation of the balloon. 
The 20-ml air sample collected from the lysimeter was then injected into the centrifiige 
tube through the septum stopper, while the other syringe (still connected to the polyurethane 
tubing of the oxygen chamber) withdrew simuhaneously an equal volume of water from the 
balloon. When 20-ml of the soil-air sample was injected into the centrifiige tube, an equal 
volume of water was displaced from the centrifiige tube (through the polyurethane tubing 
connected to the centrifiige tube) leaving the analyzer cell of the oxygen probe exposed to 
soil-air. The reading on oxygen concentration was taken when the meter reading became 
steady. After the reading was taken, 10 ml of the soil-air sample was withdrawn from the 
analyzing chamber and was reinjected into the soil column at the sampling depth. This 
procedure was repeated for each set of sampling analysis to avoid an appreciable amount of 
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vacuum in the soil column, which could enhance the diffusion of gas from the lysimeter 
surface. All soil-air measurement were made at 20 °C. This system was capable of collecting 
and analyzing both air and water samples. 
Experimental design and layout 
The experimental treatments consisted of constant water table levels maintained at 
0.15", 0.30-, 0.45-, and 0.60-m below the soil surface (these treatments started on 37 DAP 
and ended on 107 DAP). These treatments were arranged in a randomized complete block 
design with four replications. There were two replicates in each growth chamber. Lysimeters 
were arranged in the growth chambers in such a way that each lysimeter received similar light 
levels. 
Data on oxygen concentration and plant height were collected on a weekly basis. The 
oxygen concentration was determined at 0.15-, 0.30-, and 0.60-m depths below the soil 
surface. Measurements for oxygen concentration were made when the temperature inside the 
growth chamber was around 20 °C. Four middle plants in each lysuneter were used to 
determine plant height. At the end of the growing season, plants tops were harvested and put 
in labeled paper bags separately. They were then kept in an oven set at 65 °C for three days, 
and shoot dry weights were determined. 
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Statistical analysis 
The statistical analysis was performed on each parameter using the analysis of variance 
(ANOVA) procedures of the SAS^ Institute (1990). Data were analyzed for each week of 
measurements separately. The overall effects of treatments on different parameters were 
determined by using the data for all weeks. This technique helped investigate the variation 
between WT treatments during the grovwng season and also the overall effects. The 
regression analyses on different parameters were performed by using Microsoft Excel® 
(Version 5a, Microsoft Corporation). This program had the capability to conduct trend 
analysis directly on scatter diagrams of each parameter and to give model equations smtable 
for the data set. 
RESULTS AND DISCUSSION 
Effect of water table depths on soil oxygen concentration 
Water table (WT) treatments were started on the 37th day after planting. Soil oxygen 
concentration was measured at three different depths for each WT treatment. The oxygen 
concentration was measured in each lysimeter before the start of WT treatments. The oxygen 
concentration at all sampling depths was close to 100% on percent saturation basis; although 
at deeper soil depths, values were slightly less than near the suiface as shown in Figures 6, 7, 
 ^ The mention of trade or manufacturer names is for the benefit of reader only and does not imply an 
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and 8. Subsequent samplings were done on a weekly basis until 107 DAP when all the 
lysimeters were drained. The last sampling was carried out on 114 DAP, a week after the WT 
treatments discontinued. The results of this study showed a significant decrease in oxygen 
concentration as the WT levels were raised in the lysimeters. The magnitude of this decrease 
in oxygen concentration varied with sampling depths and WT treatments (Table 2, 3, and 4). 
Figure 6 shows variation in oxygen concentration at a 0.15-m sampling depth for 
different WT treatments. At this depth, the oxygen concentration was significantly lower for 
the 0.15-m WT treatment than other WT treatments (Table 2). The oxygen concentration for 
the 0.15-m WT treatment at 0.15-m depth ranged from 19.5 to 23 % on percent saturation 
basis during the WT treatment period of this study. The reason for such low oxygen 
concentrations at this depth was that only water samples could be obtained instead of soil-air 
samples and oxygen dissolved in water was measured. For the other three WT treatments, air 
samples were obtained at 0.15-m sampling depth giving higher oxygen concentration values. 
The oxygen concentration for the 0.30-m WT treatment was significantly lower than the 0.45-
and 0.60-m WT treatments. The reason for these lower values could be due to the capillary 
movement of water, which restricted the flow of oxygen at the 0.15-m soil depth. Statistical 
analysis showed no significant difference between the 0.45- and 0.60- m WT treatments on 
oxygen concentrations at a 0.15-m sampling depth. The variation in oxygen concentration 
with respect to time was insignificant, and this was true for all WT treatments. 
Data on oxygen concentration at a sampling depth of 0.30-m for different WT 
treatments are presented in Figure 7 and Table 3. These results show that the oxygen 
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concentration for the 0.15- and 0.30-m WT treatments were significantly lower than the 0.45-
and 0.60-m WT treatments; however, differences between the 0.15- and 0.30-m WT 
treatments for oxygen concentration at a sampling depth of 0.30-m were insignificant. The 
oxygen concentration values at a depth of 0.30-m for the 0.45-m WT treatment were lower 
than the 0.60-m WT treatment, although these differences were insignificant. For the 0.60-m 
WT treatment, oxygen concentrations at a depth of 0.30-m ranged fi-om 98.0 to 99.50 % on 
percent saturation basis. 
Figure 8 and Table 4 shows oxygen concentrations at a depth of 0.60-m for various 
WT treatments. Oxygen concentration at this sampling depth was less than 25% (based on 
percent saturation) for all WT treatments, because only water samples could be obtained at 
this depth. The general trend was that oxygen concentration at a depth of 0.60-m was highest 
for the 0.60-m WT treatment and lowest for the 0.15-m WT treatment. 
Figure 9 presents the oxygen concentration at different sampling depths as a fiinction 
of WT treatments. For the 0.15-m WT treatment, the differences in oxygen concentrations at 
different sampling depths were insignificant. When the WT was 0.30-m below the surface, 
oxygen concentrations at 0.15- and 0.30-m sampling depths were significantly lower than at a 
0.60-m sampling depth. For the 0.45-m WT treatment, oxygen concentrations at a sampling 
depth of 0.60-m were significantly lower than at the sampling depths of 0.15- and 0.30-m. For 
the 0.60-m WT treatment, trends were similar to the 0.45-m WT treatment, although oxygen 
concentration values were a little higher at all sampling depths. 
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The analysis of variance (ANOVA) using the average of all WT treatments showed 
significant differences between three sampling depths on oxygen concentration. The oxygen 
concentration at a depth of 0.20-m was about 27 and 78% higher than at depths of 0.40-, and 
0.60-m, respectively. At a depth of 0.60-m, only water samples were available and the 
dissolved oxygen was determined. 
Relations between oxygen concentrations at various depths and WT depths were 
developed by fitting different regression models (Figure 9). Linear relationships were obtained 
for 0.30- and 0.60-m sampling depths as a function of WT depth. The oxygen concentration 
was increased by lowering the water table. At a 0.15-m sampling depth, the best fit curve was 
a quadratic. Lowering the water table caused an increase m oxygen concentration until 0.45-m 
WT depth. Further decrease in the WT depth had no effect on oxygen concentration at that 
sampling depth. 
Effect of water table depths on soybean plant height 
The growth of soybean during the growing season was evaluated by measuring the 
plant height on a weekly basis. Figure 10 shows variation in plant height during the growing 
season for different WT depths. Measurement of plant height was started on 37 DAP just 
before the start of WT treatments. It is obvious from this figure that plant height kept 
increasing till 70 DAP. After that the plant height remained almost constant for the next two 
weeks when measurement of this parameter was stopped. Before the start of WT treatments, 
the differences in plant height between experimental units were found to be insignificant. A 
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week after the water tables were established, slight differences in plant height were observed 
for different WT depths, although these differences were not significant (Table 5). Two weeks 
after the establishment of water tables, plant height for the 0.45- and 0.60-m WT was 
significantly higher than for the 0.15- and 0.30-m WT treatments. The differences in plant 
height between the 0.15- and 0.30-m and between the 0.45- and 0.60-m WT treatments were 
not significant. During the third and fourth week after the beginning of WT treatments, similar 
trends were observed, but differences between the WT treatments were not significant. When 
the plants came close to attaining their maximum height, the differences in plant height 
between various WT treatments became noticeable. The overall analysis of plant height data 
showed significant effect of WT depth on plant height. Average plant height for the 0.15-m 
WT treatment was about 2%, 4%, and 9% lower than the 0.30-, 0.45-, and 0.60-m WT 
treatments, respectively. The differences between the 0.30- and 0.45-m WT treatments were 
not statistically significant. Figure 10 also gives various regression models for plant height as 
a function of DAP and WT depths. These models (quadratic second degree polynomial) fitted 
well to the plant height data and showed a strong positive relation between plant height and 
DAP. 
Similar trends have been reported in the literature. Ahmad et al. (1992) studied the 
effects of two excessive water treatments (soil surface submergence and water table at a 0.15-
m depth) on com growth. They found com plants to be significantly larger when 0.15-WT 
treatment was imposed than surface submergence. Hiler et al. (1971) found that height of 
sorghum, early in the growing season, for the 0.30- and 0.60-ra WT treatment was 
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substantially lower than those with the 0.90 and 1.20 m WT treatments. Later in the growing 
season the 0.60-m treatment caught up but the 0.30-m treatment remained shorter. Stanley 
(1980) imposed temporary water table levels (0.45- and 0.90-m) at different growth stages of 
soybean and found no significant decrease in plant height. 
The regression analysis was also performed to determine the relationship between WT 
depths and plant height (Figure 11). As shown in this figure, a very strong linear relationship 
exists between plant height and WT depth. Thus shallow WT depths cause soybean plants 
stress and reduce their growth compared with deeper WT depths. Hence, a 0.60-m WT depth 
is necessary for optimum soybean growth. 
Effect of water table depths on soybean yield 
Crop yield data for the two growth chamber experiments are presented in Table 6. In 
both experiments, highest crop yields were obtained for the 0.60-m WT treatment and the 
lowest was for the 0.15-m WT treatment. The ANOVA was performed using SAS procedures 
to determine the difference between yield means under four WT treatments for individual 
chambers. The resuhs fi-om grovrth chamber 1 showed that the average yield fi-om 0.15-m WT 
treatment was significantly lower than the other three WT treatments. The yield differences 
between 0.30-, 0.45-, and 0.60-m WT treatments were insignificant, though yields were 
always greater at the deeper WT depths. Similar trends were obtained fi"om growth chamber 2 
but the values of mean yield for the 0.15-, 0.30-, and 0.45-m WT treatments were greater than 
chamber 1. Combined analysis of the two growth chambers improved the results, and the 
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yields for the 0.60-m WT treatment were significantly greater than for the 0.15-, 0.30-, and 
0.45- WT treatments. The average soybean yield obtained for the 0.15-m WT treatment was 
20, 28, and 42% lower than the mean yield for the 0.30-, 0.45-, and 0.60-m WT treatments, 
respectively. The yield values for the 0.30-m WT treatment were 10 and 28% lower than the 
yield for the 0.45- and 0.60-m WT treatments, respectively. The overall mean yield for the 
0.45-m WT treatment was about 20% lower than the 0.60-m WT treatment but only 10% 
higher than the mean yield for the 0.30-m WT treatment. The differences between the 0.30-
and 0.45-m WT treatments were insignificant. 
The soybean yield for different WT treatments obtained fi-om this experiment are 
greater than those obtained in field experiments (Cooper et al., 1991; Cooper et al., 1992; 
Oosterhuis et al., 1990). The reason for these greater yields could be the effect of a controlled 
environment that removed stresses like very dry or very wet climatic conditions. 
The regression analysis was performed to determine the relationship between yield and 
WT depths (Figure 12). These resuhs showed a linear increase in soybean yield with the 
increase in WT depth. Smiilar results were obtained by Madramootoo et al. (1993); however, 
these results are in contrast with the results obtained under field conditions (Cooper et al., 
1991; Cooper et al., 1992; Nathanson et al., 1984). Pookpankdi et al. (1989) found average 
soybean yield to be greater under saturated soil culture (SSC) than conventional irrigation 
(CI). Soybeans developed a transitory chlorosis and shoot growth was slowed following 
exposure to high water tables (Hunter et al., 1980; Lawn 1985; Nathanson et al., 1984; 
Troedson et al., 1983). After an acclimatization period of two to four weeks, plants regained a 
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healthy green color and rapid shoot growth resumed (Stanley et al., 1980). Cooper et al. 
(1992) found the greatest yield of soybean at a 0.41 m WT depth when grown on a silt loam 
soil with a subirrigation/drainage water management system. 
Effect of water table depths on shoot dry weight 
Data on shoot dry weight obtained for each treatment in the two growth chambers is 
presented in Table 7. The statistical analysis using SAS procedures showed significant 
reduction in shoot dry weight of soybean with the decrease in WT depths. Dry weight 
obtamed for the 0.15-m WT treatment was significantly lower compared with the 0.45- and 
0.60-m WT treatments; however, the differences in shoot dry weight between the 0.15- and 
0.30-m WT treatments were not significant. Water table treatments of 0.30-, 0.45-, and 0.60-
m had no significant eflfects on diy weight, but diy weight increased linearly with the increase 
in WT depth (Figure 13). The regression analysis of the data showed linear increase in dry 
weight of soybean with the increase in WT depths . These results are consistent with the 
results obtained for plant height and seed yield of soybean. 
van Schilfgaarde and Williamson (1965) determined dry weight yield of soybean on 
fine sandy loam soil. They found an increase in dry weight yield of soybean with an increase in 
WT depth until 0.46 m. Oosterhuis et al. (1990) found significant reduction in dry matter 
accumulation and seed yield of soybean by flooding irrespective of the growth stage. 
Pookpankdi (1989) found total dry matter accumulation of soybean under saturated soil 
culture (SSC) to be much less than conventional irrigation (CI). 
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Relation between soil oxygen concentration and plant height 
Figure 14 presents a relationship between plant height and oxygen concentration. 
Oxygen concentration proved to be a good predictor of plant height, expressing 80% of the 
variation in plant height. Increase in oxygen concentration caused an increase in plant height. 
Maximum plant height was found when the oxygen concentration was about 72% on percent 
saturation basis, and the minimum plant height was observed at about 18% oxygen 
concentration. This suggests that adequate soil aeration is necessary for the optimum growth 
of soybean. Poor soil aeration due to high water tables can significantly reduce growth, which 
can ultimately result in poor seed yield of soybean. 
Relation between soil oxygen concentration and soybean yield 
A relationship between oxygen concentration and soybean yield was developed (Figure 
15). The results showed a strong positive correlation between oxygen concentration and 
soybean yield (R^= 0.83). The trends were similar to those obtained for water table and yield. 
This provides evidence that an adequate supply of oxygen in the root zone is quite necessary 
for soybean crops. The WT depth of 0.60-m provided adequate oxygen to achieve the greatest 
jdeld goals. These results also reveal that soybean crops have the capability to survive in 
poorly aerated soil. For the 0.15- and 0.30-m WT treatments, the overall oxygen 




Oxygen concentration and crop responses were determined under four different WT 
treatments. The soil-oxygen concentration was determined down to a depth of 0.60-m below 
the soil surface. The results of this study showed significant decrease in oxygen concentrations 
with the raise in WT depths. The decrease in oxygen concentration reduced the plant growth 
and soybean yield significantly. Plants exposed to shallow WT depths had reduced height 
compared with those at deeper WT depths. Linear increase in soybean yield was observed 
with the increase in WT depth. There was about a 42% gain in seed yield by maintaining WT 
at 0.60-m depth. This indicates that a 0.60-m WT depth provides the most favorable soil-air-
water conditions for soybean growth. Trends obtained for shoot dry weight were similar to 
those for plant height and seed yield. There was a strong linear positive relationship between 
oxygen concentration and crop yield indicating that excessive oxygen stress could 
considerably reduce soybean yield. The results of this study show that WT depth and/or 
oxygen concentration could be used as indicators to predict the growth and yield responses of 
soybean. Results from this study could also be used as a measure of the agricultural potential 
that may be realized from draining loam soils; however, any attempt at extrapolating these 
results must account for differences between the controlled environment in the growth 
chambers and outside environments. 
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Table 1: Selected properties of Nicollet loam soil used for experiments" 
Depth Sand Fine Silt Coarse Silt Clay pH^"" B.D'' O.C'' 
(cm) (%) (%) (%) (%) (Mg m"^) (%) 
0-17 26.7 20.5 26.7 26.7 5.6 1.25 2.6 
17-33 25.9 23.6 22.3 28.2 5.8 1.49 2.4 
33-53 29.0 21.0 20.2 29.8 5.8 1.39 1.8 
53-74 33.3 19.2 18.0 29.5 6.7 1.46 1.1 
"Charkhabi (1990); 
""pHw =1:2 soil:water ratio; B.D - bulk density; O.C - organic carbon 
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Table 2: Mean oxygen concentration (% saturation) at a depth of 0.15-m below the soil 
surface under different water table treatments 
Water table depth, m 
DAP* 0.15 0.30 0.45 0.60 LSD (0.05) P r > F  
44 20.65 c" 91.60 b 98.50 a 100.00 a 4.62 0.0001 
51 19.53 c 93.08 b 99.50 a 99.50 a 3.65 0.0001 
58 22.98 b 91.60 a 97.53 a 98.50 a 9.17 0.0003 
65 21.83 c 90.10 b 96.50 a 98.00 a 3.79 0.0001 
72 21.83 b 93.58 a 99.50 a 99.50 a 10.96 0.0004 
79 24.13 c 91.60 b 97.00 a 99.50 a 3.57 0.0001 
86 19.50 b 91.10a 96.03 a 98.50 a 8.01 0.0002 
93 20.68 c 93.05 b 96.53 ab 97.50 a 4.31 0.0001 
100 19.53 c 93.58 b 98.00 ab 99.38 a 5.31 0.0001 
107 21.83 b 93.58 a 99.50 a 99.63 a 9.08 0.0097 
*DAP - days after planting; LSD(o.o5) - least significant difference at the 0.05 probability level 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 3: Mean oxygen concentration (% saturation) at a depth of 0.30-m below the soil 
surface under diflFerent water table treatments 
Water table depth, m 
DAP* 0.15 0.30 0.45 0.60 LSD (0.05) P r > F  
44 17.23 d" 20.68 c 90.60 b 97.53 a 2.29 0.0001 
51 14.93 b 17.23 b 92.10 a 98.50 a 6.79 0.0001 
58 18.38 b 21.80 b 94.55 a 99.88 a 10.56 0.0002 
65 17.23 b 19.50 b 92.10 a 97.53 a 6.68 0.0001 
72 16.10b 18.35 b 93.05 a 98.00 a 5.91 0.0001 
79 19.53 b 22.98 b 89.60 a 95.05 a 6.40 0.0001 
86 18.38 b 20.68 b 95.05 a 99.50 a 8.22 0.0001 
93 16.08 b 17.23 b 91.60 a 98.50 a 8.02 0.0001 
100 17.23 b 19.53 b 92.60 a 96.50 a 4.31 0.0001 
107 17.25 b 21.83 b 91.10a 97.03 a 6.80 0.0001 
*DAP - days after planting; LSD(o.o5) - least significant difference at the 0.05 probability level 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 4: Mean oxygen concentration (% saturation) at a depth of 0.60-m below the soil 
surface under different water table treatments 
Water table depth, m 
DAP' 0.15 0.30 0.45 0.60 LSD (0.05) P r > F  
44 13.78 b" 16.08 ab 18.38 ab 19.53 a 4.90 0.9810 
51 16.08 a 17.23 a 17.23 a 18.38 a 3.31 0.3489 
58 13.50 b 14.90 ab 17.25 ab 18.38 a 4.87 0.1353 
65 16.08 a 17.23 a 18.38 a 21.83 a 8.81 0.3525 
72 13.78 b 17.23 ab 19.53 ab 22.98 a 8.96 0.1519 
79 13.78 a 14.93 a 18.35 a 21.83 a 13.92 0.3985 
86 16.05 a 17.25 a 18.35 a 19.53 a 8.55 0.6510 
93 14.93 a 16.08 a 18.38 a 20.68 a 11.81 0.5185 
100 12.63 b 12,63 b 16.08 b 20.65 a 3.88 0.0181 
107 13.78 c 14.93 be 17.23 b 21.83 a 3.29 0.0137 
*DAP - days after planting; LSD(o.o5) - least significant difference at the 0.05 probability level 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 5: Mean plant height (m) as a function of day after planting (DAP) under different 
water table treatments 
• Water table depth, m 
DAP* 0.15 0 . 3 0  0 . 4 5  0 . 6 0  L S D V o s )  P r > F  
m-
44 0.50 a" 0.51 a 0.53 a 0.56 a 0.12 0.5075 
51 0.67 b 0.68 b 0.70 ab 0.74 a 0.05 0.0532 
58 0.86 a 0.86 a 0.91 a 0.91 a 0.06 0.1161 
65 0.92 a 0.94 a 0.95 a 0.98 a 0.07 0.1955 
72 0.91 b 0.94 ab 0.95 ab 0.99 a 0.07 0.1236 
79 0.91b 0.94 ab 0.95 ab 0.99 a 0.07 0.1236 
*DAP - days after planting; LSD (o.os) - least significant difference at the 0.05 probability level 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
Table 6: Mean soybean yield (kg/ha) under different water table treatments 
Water table depth, m 
Chamber 0.15 0.30 0.45 0.60 Mean LSDVos) Pr>F 
kg/ha-
1 4649 b" 5962 ab 6149 ab 8324 a 6271 a 2670 0.0779 
2 4930 b 6005 ab 7206 ab 8273 a 6604 a 2328 0.0621 
Mean 4789 c 5984 b 6677 b 8298 a 6437 1131 0.0042 
*LSD (0.05) - least significant difference at the 0.05 probability level 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 7; Mean shoot dry weight (g) of soybean at harvest under different water table 
treatments 
Water table depth, m 
Chamber 0.15 0.30 0.45 0.60 LSD Pr>F 
1 17.03 a** 17.59 a 18.41a 20.14 a 4.66 0.5633 
2 16.74 a 18.21a 20.62 a 20.93 a 4.27 0.1642 
Over. Avg. 16.88 b 17.90 ab 19.67 a 20.38 a 2.69 0.0697 
*LSD(o.o5) = least significant difference at the 0.05 probability level 
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Figure 2: Layout of lysimeters and treatments in the growth chambers 
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Figure 4: Dual-action syringe sampling assembly 
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FATE AND TRANSPORT OF NO3-N AND METOLACHLOR TO SHALLOW 
GROUNDWATER UNDER DIFFERENT WATER TABLE 
MANAGEMENT SYSTEMS 
A paper to be submitted to the Transactions of the ASAE 
T. Sarwar and R. S. Kanwar 
ABSTRACT 
Experiments were conducted in lysimeters to study the effect of shallow water table 
(WT) depths on the transport of two commonly used agricultural chemicals, nitrate-N and 
metolachlor, to shallow groundwater. Groundwater samples were collected from 0.20-, 0.40-, 
and 0.60-m depths using suction tubes during the growing season. The results showed 
significant reductions in both nitrate-N and metolachlor concentrations in the groundwater by 
maintaining shallow WT depths. Lowest concentrations of nitrate-N and metolachlor in the 
groundwater were observed when WT were maintained at 0.15-m depth. Generally, nitrate-N 
concentrations were increased with the soil depth while metolachlor concentrations decreased 
with the sampling depth during the growing season. Analysis of drainage outflow data at the 
end of WT treatment period also provided the evidence of the effectiveness of shallow WTs in 
reducing chemicals losses to shallow groundwater systems. The results of this study indicated 
that nitrate-N and metolachlor concentrations in the drainage outflow were 54 and 45%, 
respectively, lower for the 0.15-m WT treatment than the 0.60-m WT treatment. Regression 
analysis showed a strong negative linear relationship between metolachlor concentration and 
days after planting (DAP). Soybean yield was significantly reduced with the rise in WT depth. 
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Average soybean yield obtained for the 0.15-m WT depth was 42% lower than the 0,60-m 
WT depth. It can be concluded from the overall resuhs of this study that shallow Wis can be 
used effectively to reduce the nitrate-N and metolachlor losses to the shallow groundwater. 
INTRODUCTION 
Modem agriculture is heavily dependent on the use of agrichemicals, particularly 
fertilizers and pesticides. The contamination of surface and groundwater due to the leaching 
of these chemicals has become a serious threat to human health, vwldlife and the environment 
(Prunty and Montgomery, 1991). Particularly, nitrate and widely used herbicides such as 
atrazine, cyanazine, alachlor, and metolachlor have become one of the major pollution 
concerns facing the agriculture today (Hallberg, 1984). In the past two decades, much work 
has been done to characterize agricultural chemicals losses through drainage systems and the 
effect of these losses on water quality and crop productivity (Bengtson et al., 1984; Kanwar 
and Baker, 1991; Schwab et al., 1973; Baker and Johnson, 1976). Hallberg (1986) reported 
an almost linear increase in groundwater nitrate concentration over the last 20 years. In 1986 
the Environmental Protection agency (EPA) reported the presence of 17 pesticides in 
groundwater in 23 states (Cohen et al., 1986). However, during recent years this figure has 
gone up, and the reported cases increased to 77 pesticides in the groundwater in 39 states 
(Williams et al. 1988). 
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Researchers are investigating the possibility of developing best management practices 
to protect water resources from chemical pollution while sustaining crop productivity. The 
agricultural management systems such as crop rotations, chemical management, and water 
table management (WTM) practices are being considered to reduce the negative effects of the 
use of agricultural chemicals on groundwater. Water table management systems include 
subsurface drainage, controlled drainage (CD), and/or subirrigation (SI) and maintains 
shallow WT depths in the field during certain periods of the growing season (Kalita and 
Kanwar, 1992). Water table management practices have shown the potential for inducing 
denitrification and reducing the concentration of nitrate-nitrogen (NO3-N) reaching water 
supplies (Skaggs and Gilliam, 1981; Gilliam and Skaggs, 1986; Evans et al., 1989a; Wright et 
al., 1992; Kalita and Kanwar, 1989; Kanwar and Kalita, 1990; Kalita and Kanwar, 1993). 
Evans et al. (1989b) presented a compilation of data from North Carolina and supported the 
use of controlled drainage as best management practice (BMP). Their data showed that 
controlled drainage decreases both surface and subsurface nitrogen losses as opposed to 
uncontrolled drainage. They found the average nitrogen loss reduction of 45% resulting from 
drainage control in North Carolma. They concluded that denitrification accounted for the 
reduced nitrogen transport from controlled drainage sites in eastern North Carolina, where 
conditions are conducive to denitrification. 
Kalita and Kanwar (1989) found nitrate concentrations in the unsaturated zone to be 
greater than those in the saturated zone. They also found that by raising the WT depth from 
90 cm to 30 cm below the soil surface produced a corresponding decrease in NO3-N 
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concentrations. At approximately 60 cm below the WT, very low NO3-N concentrations were 
found. This finding may be attributed to increased denitrification due to high WT conditions. 
Evans et al. (1991) summarized results of 10 studies representmg approximately 120 site-
years of data collected on poorly drained soils in North Carolina. These studies were 
conducted to evaluate the effects of subsurface drainage, CD and CD-SI on nutrient and 
pesticide movement to surface and groimd water. Fertilizer nutrient losses in conventional 
drainage effluent t5T)ically exceeded 20 kg N and 0.25 kg P ha"' yr"'. Another study in North 
Carolina was conducted to determine the effects of various artificial drainage treatments on 
movement of N and P fi^om poorly drained soils in the Coastal Plain (Deal et al., 1986). 
Computer simulations were used to predict N and P losses over 20 years fi^om six soils. The 
results showed that both drainage system design and management can significantly afifect N 
and P movement to drainage effluent. Gambrell et al. (1975a) reported that in well-drained 
soils that were not saturated for extended periods, denitrification was limited. This limitation 
allowed fertilizer not taken up by the crop to potentially move to shallow aquifers and later to 
surface water. Baker and Johnson (1976) showed that artificial drainage increases nitrate 
movement fi-om agricultural sites whether additional fertilizer was applied or not. In a study 
to evaluate the effect of drainage on the fate of un-utilized fertilizer N in North Carolina, 
Gambrell et al. (1975a) found smaller loss due to denitrification of residual nitrate in shallow 
ground water. Skaggs (1987) reported that surface drainage systems tend to have higher 
runoff rates, with higher concentrations of sediment, phosphorus, and pesticides, than do 
subsurface dr^age systems. However, outflow water fi-om subsurface drainage systems had 
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a higher concentration of mobile compounds such as nitrates. Drainage is an important 
management practice for improving water quality while sustaining agricultural viability 
(Fausey et al., 1995). 
Investigation of the influence of controlled drainage/subirrigation on pesticide 
transport is just beginning. Several studies are in progress; but, little information is currently 
available. Munster et al. (1991) observed a 25% increase in aldicarb transport in controlled 
drainage outflow compared to conventional drainage. It should be noted, however, that 
recovery of applied aldicarb was very low in both drainage treatments accounting for less than 
0.05% of the applied amount. Aijoon et al. (1992) and Kalita and Kanwar (1990) observed 
lower soil-solution concentrations of Prometryn and Atrazine, respectively, under controlled 
drainage compared to conventional drainage. They hypothesized that WT control slowed 
vertical leaching of these pesticides to ground water, but did not report the impact on drainage 
outflow. They also acknowledged that considerably more data were needed to provide more 
conclusive results. Bastien et al. (1990) measured pesticide concentrations in tile drainage in 
the two potato fields where nutrients losses were measured. Metribuzine was detected in the 
tile flow at concentrations up to 3.47 ng/L. Concentrations in surface runoff samples were 
higher (33.6 to 47.1 |ig/L). Aldicarb, fenvalerate and phorate were not detected in drainage 
waters. 
Nitrate and pesticide leaching from potatoes have been studied in Canada. In a two-
year study involving five on-farm sites in New Brunswick, flow-weighted average nitrate 
concentrations of the subdrain discharge were greater than 10 mg/L (Milbum et al., 1990 as 
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cited by Ritter et al., 1993). Herbicides dinoseb and metribuzine used in potato production 
were also detected in the drain discharge (95% of positive samples <2 Jig/L) both during the 
year of application and again the following spring, but concentrations were less than detection 
limits 12 to 18 months after application (Milbum et al., 1991) 
Benefits of WT control on water quality are have been investigated under different 
soils, crops, and climatic conditions (Kanwar, 1990; Thomas et al., 1991; Fausey et al., 1991; 
Skaggs et al. 1991). Few studies have reported on the benefits of WTM practices in reducing 
water quality degradation (Belcher, 1989; Kalita and Kanwar, 1992; Aijoon et al., 1990). The 
objective of this study was to evaluate the effects of different WT depths on the movement of 
metolachlor and residual nitrate-nitrogen to shallow groundwater under soybean production 
system. 
MATERIALS AND METHODS 
To determine the effects of shallow WT depths on the movement of nitrate-N and 
metolachlor to shallow groundwater, two controlled-environment growth chambers 
(Conviron^ PGW36; 247 x 137 x 196 cm) were used to house sbrteen lysimeters for this 
study. The 24-hr temperatures were programmed to simulate normal Ames climatic 
conditions between May 01 and September 30 in the growth chambers. Daily diurnal 
temperature patterns were based on the 30-year normal maximum and minimum temperatures 
' The mention of trade or manufacturer names is for the benefit of readers only and does not imply an 
endorsement, recommendation, or exclusion by Iowa State University. 
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for the corresponding dates. These temperature values were ramped between hourly set 
points. For the variable daylight periods, light was provided by 45 incandescent 120-W and 
30 fluorescent 115-W light bulbs. During the first hour, only incandescent light was used and 
for the last hour, only fluorescent light was provided. Relative humidity in these chambers 
could not be controlled; however, its values were above 50% for most of the growing season. 
Construction of the lysimeters 
Lysimeters were made fi"om plastic containers (52 x 42 x 71 cm) for growing soybean 
plants in the growth chambers. A hole (about 2.50-cm diameter) was made at a height of 5-
cm from the bottom of the plastic container with a power saw (Figure 1). This hole was fixed 
with a bung crossing the container wall on both sides and provided a watertight seal. To raise 
or lower the water level in the container, a 5-cm diameter perforated plastic pipe was 
connected by plastic coupling to the bung. The outside of the bung was fitted with a garden-
hose barb, connected to a float system and a water supply reservoir by a transparent polyvinyl 
tube. The float system consisted of a small bucket-type water reservoir and a float. The 
system was portable, and was used to change the water level inside the container by changing 
its height on wooden blocks, which could be adjusted according to the need of the study. A 
plastic tube 1-m long and 2.54-cm in diameter was installed in each lysimeter to measure 
water level position inside the lysimeters. 
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Placement of soil in the lysimeters 
The soil used for this study was Nicollet loam soil from the Clarion-Nicollet-Webster 
Association. Some of the physical properties of this soil are given in Table 1. A small area (8 
m X 4 m) in the field was selected, crop residues were removed, and the area was then divided 
into 16 smaller areas (2m x 1 m), one for each lysimeter. The soil profile of each smaller area 
was excavated in 0.15-m layers, to a depth of about 0.75-m. The soil was dried, ground, and 
sieved before placing into the lysimeters. To match the original vertical soil profile and bulk 
density, soil was packed into the lysimeters in the same order of layers. Surplus soil, if any, 
was saved for later use of lysimeters in the event soil settling occurred in the lysimeters. Soil-
filled lysimeters were then brought to the Agronomy Department of ISU and placed in the 
growth chambers. Eight lysimeters could be placed in one groAVth chamber at a time (Figure 
2). To allow the soil to settle, water was raised slowly (about 10-cm in 4 hours) from the 
bottom of the lysimeters to the soil surface of each lysimeter and was kept there for three 
days. Soil in ahnost all the lysimeters settled during this flooding event. The lysimeters were 
then refilled with the surplus soil to bring the depth of the soil in the lysimeters to the depth of 
the original soil excavation. The same soil was used in both the growth chambers. 
Planting 
In the center of each lysimeter, a groove was made about 20 cm from the walls. 
Eighteen soybean (Hobbit 87) seeds were planted in each lysimeter. After germmation these 
plants were thinned to six plants per lysimeter. The procedure was repeated in both growth 
chambers. Before planting, soil samples were taken from all lysimeters to determine soil 
fertilizer needs. The results of soil analysis showed high amounts of phosphorus and 
potassium already present in the soil; therefore, no fertilizers were applied. Herbicide 
metolachlor (trade name dual) was applied at a rate of 2.2 kg/ha in all lysimeter to monitor the 
transport of metolachlor through the lysimeters' soil profile. Some properties of metolachlor 
are presented in Table 2. 
Irrigation 
To determine the amount of water required for each surface irrigation during the 
growing season, thirty years (1965-1994) of rainfall data were obtained, and weekly averages 
were calculated from May 01 through September 30. To simulate field conditions, rainfall 
water was applied on a weekly basis (equal to 30 years average weekly rainfall) in the form of 
irrigation because rainfall intensities in the controlled environment growth chambers could not 
be obtained. This kind of irrigation schedule was needed to match climatic conditions for 
soybeans grown in the humid midwest. 
Water sampling devices 
Different devices were used to collect water samples from unsaturated and saturated 
soils. The water sampling device for unsaturated soil consisted of a porous ceramic cup ( a 
clay vessel closed at one end, about 7.5-cm long, with 3-cm outer and 2.5-cm inner diameter, 
two transparent tygon tubes (3.5 mm), a two-hole rubber stopper (size 4), two plastic clamps, 
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and 4- and 6-cm lengths of 4-mm outer diameter glass tubing (Figure 3). The two glass tubes 
were placed in the holes of rubber stopper. One of the glass tubes reached the bottom of the 
cup, and the other, reached the top of the cup and acted as an air vent when the water sample 
was removed. The two polyethylene tubes were inserted on to the glass tubes and sealed with 
a sealant. A 60-cc syringe was used to create suction inside the porous cup one day before 
collecting water samples for chemical analysis. 
For collecting water samples from saturated soil, a device was constructed in a similar 
way. The only difiference was that instead of a porous ceramic cup, a perforated, transparent, 
plastic pipe (9.0-cm long, with 3-cm inside diameter) was used. The top and bottom this pipe 
were closed with a two-hole and a solid rubber stopper (size 3), respectively. After 
construction, this pipe was covered with a fiber glass matting to prevent the possible clogging 
of perforations in the pipe. These devices were installed at depths of 0.20-, 0.40-, and 0.60-
cm below the surface in each lysimeter. 
Water analysis methods 
Several methods are available for water quality analysis and choice depends on the 
substance to be measured and the degree of accuracy required. Cost and time limitations must 
also be considered when selecting the method of analysis. More than one method are often 
utilized in order to verify results. The following sections provide a brief description of the 
methods used for the analysis of nitrate-N and metolachlor in this study. 
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Automated cadmium reduction method for NO3-N analysis: The cadmium reduction 
method actually measures the sum of both NO3-N and NO2-N. In groundwater, however, 
NO2-N levels are generally negligible in comparison to NO3-N concentrations and results from 
this method are usually reported in mg/1 of NO3-N. 
In the cadmium reduction method of NO3-N analysis, water samples pass through a 
column of cadmium (Cd) granules coated with copper (Cu). In the presence of cadmium, 
NO3-N reduces to NO2-N. After reduction, the sample is diazotized with sulfanilamide and 
coupled with N-(l-naphthyl)-ethylenediamine to form a highly colored azo dye which is 
measured colorimetrically (APHA, 1985). If significant levels of NO2-N exist in the original 
sample, an adjustment may be made by analyzing the sample without the reduction step and 
subtracting the amount of NO2-N fi-om the sum of NO3-N plus NO2-N. 
Nitrate-nitrogen concentrations in groundwater range from near zero to several times 
the Maximum Contamination Level (MCL) of 10 ppm. Water samples with NO3-N levels 
above that of the highest calibration standard can be diluted by the appropriate factor to bring 
the concentration within the range of calibration curve. Automated equipment allow rapid 
analysis of water samples for NO3-N. 
Enzyme-linked immunosorbent assi^ method for metolachlor analysis: The enzyme-liked 
immunosorbent assay or ELISA method of pesticide analysis is used in many areas of work 
including drug testing, infectious and non-infectious disease diagnosis, and in agricultural 
applications such as analysis of food and water for pesticide residues. ELISA methods have 
gained popularity in recent years because of simplicity, relatively low cost, and rapid results. 
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While there are several types of ELISA methods, all use the same fundamental 
principles. The ELISA method make use of the biological relationship between antibodies and 
the antigen, which in the case of groundwater analysis is pesticide. The antibodies are 
obtained from the tissues of animals, such as rabbits, which have been exposed to the 
particular pesticide. The pesticide specific antibodies are separated from the animal tissues 
and mamtained in a bufier solution for use in the ELISA test. The ELISA procedure for 
metolachlor analysis requires several steps; 
Step 1 - A prepared solution containing the metolachlor conjugated with an enzyme is 
combined with 200 |il of the sample water to be analyzed; 
Step 2 - The metolachlor antibody coupled paramagnetic particles solution is mixed with the 
sample and the enzyme conjugate pesticide and incubated at room temperature for 30 minutes. 
During incubation of the mixture, any pesticide present in the sample will compete with the 
enzyme-labeled pesticide for binding sites on the antibodies; 
Step 3 - After the incubation period, the antibodies, which now have the labeled and possibly 
unlabelled pesticides bound on them, must be separated from the rest of the solution. Several 
methods have been used to achieve isolation of the antibodies after reaction with antigen. One 
method uses antibodies covalently bound to paramagnetic particles. After incubation with the 
antigen the test tubes containing the mixture are placed in a magnetic rack which holds the 
paramagnetic particles, and likewise the antibodies and bound antigen, to the test tube wall 
while the remaining solution is decanted. The paramagnetic particles combination is then 
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washed with deionized distilled water and decanted again. The washing procedure is 
performed twice to ensure complete removal of any unbound labeled and unlabelled antigen; 
Step 4 - A color reagent added to the test tube reacts with any enzyme which may have 
attached to the antibody via the labeled antigen producing a colored product. More enzyme in 
the solution causes more color development. After another incubation period of 20 minutes, 
the reaction is stopped with sulfuric acid and the absorbence is read with a spectrophotometer. 
Maximum color development occurs when the water sample contains no unlabeled pesticide 
specific to the antibody, because the enzyme labeled pesticides then need not to compete for 
the antibody binding sites. Sample concentration is therefore inversely proportional to the 
light absorbence of the final colored solution. Inclusion of samples with known 
concentrations allows development of a calibration curve to which samples of unknown 
concentration can be compared. The lower and upper limits are 0.05 ppb and 5.0 ppb, 
respectively, for atrazine, alachlor, and metolachlor for kits produced by Ohmicron^. 
Ohmicron manufactures a 60 tube magnetic rack in which as many as 50 samples may 
be analyzed. The remaining 10 spaces are required for the calibration and control samples. 
Duplication of each sample is recommended leaving 25 distinct sample analyses that can be 
completed in about 2 h. Only one analyte can be tested at a time. 
Although relatively inexpensive and rapid, ELISA methods of pesticide analysis have 
important limitations. ELISA test resuhs can vary by as much as 20 percent of the true 
analyte concentration. Consistency of results depends largely on the pipetting skills of the 
 ^The mention of trade or manufacturer names is for the benefit of readers only and does not imply an 
endorsement, recommendation, or exclusion by Iowa State University. 
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individual preparing the assay. Environmental conditions in the lab, i.e. temperature, may also 
afiFect results. Greatest variation of ELISA results occur when comparing results from 
separately calibrated runs. Within a given calibrated set of samples, however, results are more 
consistent and subtle differences in pesticide concentrations are more evident. 
Cross-reactivity of the ELISA antibodies with compounds other than the intended 
analyte presents the greatest disadvantage of this method of pesticide analysis. The presence 
of cross-reactive substances in the water samples can cause false positive detection's or 
indicate much higher concentrations than actually exist. Cross-reactivity is major 
consideration in groundwater quality research because pesticides often co-exist with one or 
more of their metabolites and/or with other pesticides of sinular structure which are likely to 
be cross-reactive (Baker et al., 1993). 
Manufacturers of ELISA kits provide limited data on cross-reactivity. Ohmicron 
indicates several compounds which may affect the accuracy of their ELISA test resuUs and 
provides corresponding least detectable doses (LDD) with each kit. The LDD is defined by 
Ohmicron as " the lowest level... which can be reliably distinguished from zero" (Ohmicron, 
1991). While positive detection's by the ELISA method of pesticide analysis can provide 
misleading information, negative results are an accurate indication of concentrations below the 
detection limit of the intended analyte. Confirmation of positive ELISA detection's by a more 
compound specific method is recommended. 
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Experimental design and layout 
The experimental treatments consisted of constant WT levels maintained at 0.15-, 
0.30-, 0.45-, and 0.60-m below the soil surface (these treatments started on 37 DAP and 
ended on 107 DAP). These treatments were arranged in a randomized complete block design 
with four replications. There were two replicates in each growth chamber. Lysimeters were 
arranged in the growth chambers in such a way that each lysimeter received similar light 
levels. Figure 2 shows the layout of lysimeters in the growth chambers. 
Water samples for nitrate-N and metolachlor analysis were taken at 0.20-, 0.40- and 
0.60-m depths below the soil surface. These samples were collected on 50, 71, 92, and 113 
DAP. The amount of samples collected on 50 DAP was not enough to make the analysis of 
nitrate-N possible for this date. Therefore, for nitrate-N, data on 71, 92, and 113 DAP has 
been reported. For metolachlor, only 200 jil of sample (using ELISA method) was needed to 
make the analysis possible, that is why data for all sampling dates has been reported. 
Statistical analysis 
The statistical analysis was performed on each parameter using the GLM procedures 
of the SAS ^ Institute (1990). Data were analyzed for each week of measurements separately. 
The overall effects of treatments on different parameters were determined by using the data 
for all weeks. This technique helped investigate the variation between WT treatments during 
the growing season and also the overall effects. The regression analyses on different 
 ^The mention of trade or manufacturer names is for the benefit of readers only and does not imply an 
endorsement, reconmiendation, or exclusion by Iowa State University. 
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parameters were performed by using Microsoft Excel'' (Version 5a, Microsoft Corporation). 
This program had the capability to conduct trend analysis directly on scatter diagrams of each 
parameter and to give model equation suitable for the data set. 
RESULTS AND DISCUSSION 
Nitrate-N concentration in water samples 
The average nitrate-nitrogen (NO3-N) concentration in groundwater at sampling 
depths of 0.20-, 0.40-, and 0.60-m as a fiinction of WT depths and DAP are presented in 
Tables 3, 4, 5, and Figure 4. The analysis of variance results show lower concentrations of 
NO3-N at a depth of 0.20-m compared with the deeper depths. The average nitrate-N 
concentration, on 71 DAP, at a depth of 0.20-m, for the 0.15-m WT treatment was 50% 
lower compared with the 0.60-m WT treatment. The highest nitrate-N concentration of 3.79 
mg/1 was observed at a depth of 0.40-m for the 0.45-m WT treatment. The lowest nitrate-N 
concentration of 0.14 mg/1 was observed at a depth of 0.20-m under the 0.15-m WT 
treatment. 
The nitrate-N concentrations on 92 DAP for the 0.15-, 0.30-, 0.45-, and 0.60-m WT 
treatments were 25, 88, 92, and 71%, respectively, lower (average of three sampling depths). 
The results showed significantly lower nitrate-N concentrations at shallow WT depths when 
" The mention of trade or manu&cturer names is for the benefit of readers only and does not imply an 
endorsement, recommendation, or exclusion by Iowa State University. 
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compared with deeper WT depths. The highest nitrate-N concentration, on 92 DAP, was 
observed at a depth of 0.40-m for the 0.45-m WT treatment. The lowest nitrate-N 
concentration, on 92 DAP, was also observed at a sampling depth of 0.40-m for the 0.15-m 
WT treatment. The results indicate that the nitrate-N concentrations for the 0.15-m WT 
treatment was 36% lower than the 0.60-m WT treatment. This provide the evidence of the 
effectiveness of shallow WT in reducing nitrate-N leaching to deeper depths. 
On 113 DAP, the highest nitrate-N concentration of 0.57 mg/1 was observed for the 
0.60-m WT treatment at a depth of 0.20-m and the lowest nitrate-N concentrations of 0.04 
mg/1 was observed for the 0.15-m WT treatment at the same depth. On the average, the 
nitrate-N concentrations for the 0.15-m WT treatment were 55% lower than the 0.60-m WT 
treatment. The nitrate-N concentration observed at a depth of 0.20-m was 58% higher 
compared with the 0.60-m sampling depth. 
The analysis was conducted on the entire data to investigate the overall effect of WT 
treatments on nitrate-N concentration. These results showed that nitrate-N concentration for 
the 0.15-m WT was 81% lower compared with the 0.45-m WT treatment, although, the 
resuhs was statistically insignificant. The nitrate-N concentrations values for the 0.60-m WT 
treatment were lower than the 0.45-m WT treatment. This could be due to lower nitrate-N 
concentrations at a sampling depth of 0.60-m (the results on the overall nitrate-N 
concentrations at various depths showed that nitrate-N concentration at a depth of 0.60-m 
was 32% lower compared with the 0.40-m depth). 
The nitrate-N concentrations observed under this study are lower than those reported 
in the literature. This may be due to the fact that no nitrogen fertilizer was applied for this 
study. The nitrate-N concentrations observed in water sample are the residual nitrate-N 
concentrations of the soil profile. Some of the nitrate-N in the soil profile might have lost 
during the initial flooding and draining event before the start of experiment (see method and 
material section) which was done to let the soil moisture content in all the lysimeter to come 
to field capacity. 
Nitrate-N concentration in drainage outflow 
Table 6 presents data on nitrate-N concentration in the drainage water for different 
WT treatments. The resuhs showed that nitrate-N loss to groundwater was significantly 
reduced by maintaining high WT depths. The lowest nitrate-N concentration of 0.23 mg/1 was 
observed under the 0,15-m WT treatment which provides the evidence that shallow WT did 
reduce the nitrate-N loss to the deeper depths. The overall nitrate-N concentrations for the 
0.15- and 0.30- m WT treatments were about 54 and 36%, respectively, lower compared with 
the 0.45-m WT treatment. The nitrate-N concentration for the 0.60-m WT treatment was 16% 
lower than those for the 0.45-m WT treatment (these trends are similar to those observed for 
water samples). Average nitrate-N concentration obtaned fi-om the drdnage water was 0.36 
mg/1. 
Nitrate reduction by controlled drainage have been reported in the literature. Water 
table management (WTM) techniques, specifically drainage-subirrigation (CD-SI) and 
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controlled drainage (CD), have been identified as beneficial practices fijr reducing nitrate loss 
fi-om the soil matrix by increasing denitrification (Gilliam et al., 1979; Skaggs and Gilliam, 
1981; Gilliam and Skaggs, 1986; Gambrell et al., 1975a, 1975b; Kalita and Kanwar, 1989). 
Gilliam et al (1979) observed 50% reduction in nitrate loss fi"om fields by controlled drainage. 
Evans et al (1989b) found the average nitrogen loss reduction of 45% resulting fi-om drainage 
control in North Carolina. Bengtson (1993) foimd that subsurface drainage was effective in 
reducing nitrogen loss fi"om fields by 17%. These reductions has been attributed to higher 
rates of denitrification thought to be associated with high water tables. 
Metolachlor concentration in water samples 
Data on metolachlor concentration at various water table (WT) depths as a fiinction of 
soil depths and time is presented in Tables 7, 8, 9 and Figure 5. First water sampling was done 
on 50 DAP. The results indicate that highest metolachlor concentration of 2.79 ppb was 
found under the 0.15-m WT treatment 0.20-m below the surface and the lowest metolachlor 
concentration of 0.66 ppb was found under the 0.30-m WT treatment at a depth of 0.60-m. 
At a depth of 0.20-m, on 50 DAP, the metolachlor concentration generally increased with the 
rise in WT depth. Different results were observed for the other two sampling depths. The 
metolachlor concentrations, at a sampling depth of 0.40- and 0.60-m, were highest for the 
0.60-m WT treatment. The results (using the average of all WT treatments) showed that 
metolachlor at a depth of 0.20-m was 63% higher than the 0.60-m sampling depth. 
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As compare to 50 DAP, the average metolachlor concentrations (average of all 
sampling depths) for the 0.15-, 0.30-, 0.45-, and 0.60-m WT were 38, 19, 11 and 16 % less. 
The analysis of variance showed that metolachlor concentration was significantly lower at 
deeper depths compared with shallow depths. Average metolachlor concentration at a 
sampling depth of 0.60-m was 48% lower than the 0.20-m sampling depth. The highest 
metolachlor concentration of 2.31 ppb was found 0.40-m below the surface under the 0.60-m 
WT treatment and the lowest metolachlor concentration of 0.50 ppb was found 0.60-m below 
the surface under the 0.30-m WT treatment. The results were not consistent for the 0.20-m 
depth, however, generally the metolachlor concentration decreased with the rise in WT depth. 
The analysis using the average of three depths showed that the metolachlor concentration was 
significantly decreased with the rise in WT depth . The metolachlor concentration found under 
the 0.15-m WT treatment was, on the average, 32% lower compared with the 0.60-m WT 
treatment. 
Average metolachlor concentration, on 92 DAP, for the 0.15-m WT treatment was 
46% lower than the 0.60-m WT treatment. The highest metolachlor concentration of 1.99 
ppb was found 0.20-m below the surface under the 0.60-m WT treatment and the lowest 
metolachlor concentration of 0.43 ppb was observed 0.60-m below the surface under the 
0.30-m WT treatment. The analysis of variance by using the average of all WT treatments 
showed that metolachlor concentration was significantly lower at deeper depths. Average 
metolachlor concentration at a sampling depth of 0.60-m was 42% lower than the 0.20-m 
sampling depth. 
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On 113 DAP, the metolachlor concentration under the 0.60-m WT treatment was 
significantly higher compared with the shallow WT depths. The metolachlor concentration 
under the 0.30-m WT treatment was 43% lower than the 0.60-m WT treatment. The highest 
metolachlor concentration of 1.23 ppb was found 0.20-m below the surface under the 0.60-m 
WT treatment and the lowest metolachlor concentration of 0.33 ppb was observed 0.60-m 
below the surface under the 0.45-m WT treatment. The analysis of variance using the average 
of all WT depths showed that metolachlor concentration was significantly decreased with the 
increase in sampling depth. On the average, the metolachlor concentration at a sampling depth 
of 0.60-m was 25% lower than the 0.20-m sampling depth. 
The analysis of variance was conducted to investigate the overall efifect of WT 
treatments on metolachlor concentration. The results showed that metolachlor concentration 
was significantly decreased with the rise in WT depth. On the average, the metolachlor 
concentration found under the 0.15-m WT treatment was 30% lower than the 0.60-m WT 
treatment. The difference between the 0.15- and 0.30-m WT depths were not significant. The 
results also showed that the average metolachlor concentration was significantly decreased at 
deeper sampling depths. Average metolachlor concentration at a depth of 0.20-m was 54% 
lower than the 0.60-m sampling depth. 
The metolachlor concentrations found in this study are considerably lower than those 
observed under field conditions ( Southwick et al., 1990; Bengtson et al., 1990; Bowman, 
1988). The reason could be the faster degradation or increased adsorption in the lysimeters. 
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Relation between metolachlor concentration and days after planting (DAP) 
Figure 6 shows relation between metolachlor concentration and DAP at a depth of 
0.20-m. The results showed that metolachlor concentration was significantly decreased with 
time. Highest metolachlor concentration, at a depth of 0.20-m, was found on 50 DAP under 
the 0.15-m WT treatment. The lowest metolachlor concentration, at a depth of 0.20-m, was 
found on 113 DAP, under the 0.15-m WT treatment. Relationships were developed between 
the metolachlor concentration in ground water imder different WT treatments and DAP. The 
resuh showed that metolachlor concentration was negatively correlated to DAP. The 
determination coefficients (R^) for the 0.15-, 0.30, 0.45-, and 0.60-m WT treatments were 
0.95, 0.95, 0.96, and 0.28, respectively. 
Figure 7 presents the relation between metolachlor concentrations and DAP at a 
sampling depth of 0.40-m. This Figure shows a decrease in metolachlor concentrations with 
time for all WT depths. The highest metolachlor concentration of 2.31 ppb, at a depth of 
0.40-m, was found for the 0.60-m WT treatment on 71 DAP. The lowest metolachlor 
concentration of 0.47 ppb, at a depth of 0.40-m was found for the 0.30-m WT treatment on 
114 DAP. Regression analysis showed that a strong negative linear relationship exists between 
metolachlor concentration and DAP. 
Figure 8 shows the relation between metolachlor concentrations and DAP at a 
sampling depth of 0.60-m. This figure also shows a progressive decrease in metolachlor 
concentration with time. Highest metolachlor concentration of 1.42 ppb, at a depth of 0.60-m, 
was found under the 0.60-m WT treatment on 50 DAP and the lowest metolachlor 
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concentration of 0.33 ppb was observed under the 0.45-m WT treatment on 114 DAP. The 
regression analysis showed that metolachlor concentration could be predicted from DAP. The 
regression coeflBcient for the 0.15-, 0.30, 0.45-, and 0.60-m WT treatments were 0.69, 0.79, 
0.96, and 0.80, respectively. 
Metolachlor concentration in drainage outflow 
Data on metolachlor concentration in drainage water is presented in Table 10. The 
analysis of variance shows that there was about 45% reduction in metolachlor loss to deeper 
soil depths by maintaining WT at a depth of 0.15-m below the surface. Highest metolachlor 
concentration of 0.86 ppb was observed under the 0.60-m WT treatment. The metolachlor 
concentrations for the 0.30- and 0.45-m WT treatments were 23 and 40%, respectively, lower 
compared with the 0.60-m WT treatment, although, the results were statistically insignificant. 
These trends are in agreement with the studies recently reported in the literature. 
Kalita and Kanwar (1990) found significant reductions in atrazine and alachlor by maintaining 
shallow WTs. Aijoon et al. (1992) observed lower soil-solution concentrations of Prometryn, 
under controlled drainage compared to conventional drainage. Miijat (1994) observed 
reductions in average atrazine and alachlor concentrations by maintaining shallow WT depths 
between 0.30 and 0.60 m. Munster et al. (1991) found 25% increase in aldicarb transport in 
controlled drainage outflow compared to conventional drainage. Bengtson et al. (1993) 
found that the losses of atrazine and metolachlor from the plots with subsurface drainage 
were 55 and 51% less than those from plots with subsurface drainage only. 
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Effect of water table depths on soybean yield 
Crop yield data for the two growth chamber experiments are presented in Table 11. In 
both experiments, the highest crop yields were obtained for the 0.60-m WT treatment and the 
lowest was for the 0.15-m WT treatment. The analysis was performed using SAS procedures 
to determine the difference between yield means under four WT treatments for individual 
chamber. The results from growth chamber 1 showed that the average yield from the 0.15-m 
WT treatment was significantly lower than the other three WT treatments. The yield 
differences between the 0.30-, 0.45-, and 0.60-m WT treatments were insignificant, though 
yields were always greater at the lower WT depths. Similar trends were obtained from growth 
chamber 2 but the values of mean yield for the 0.15-, 0.30-, and 0.45-m WT treatments were 
greater than chamber 1. Combined analysis of the two growth chambers improved the results, 
and the yields for the 0.60-m WT treatment were significantly greater than for the 0.15-, 0.30-
, and 0.45- WT treatments. The average soybean yield obtained for the 0.15-m WT treatment 
was 20, 28, and 42% lower than the mean yield for the 0.30-, 0.45-, and 0.60-m WT 
treatments, respectively. The yield values for the 0.30-m WT treatment were 10 and 28% 
lower than the yield for the 0.45- and 0.60-m WT treatments, respectively. The overall mean 
yield for the 0.45-m WT treatment was about 20% lower than the 0.60-m WT treatment but 
only 10% higher than the mean yield for the 0.30-m WT treatment. The differences between 
the 0.30- and 0.45-m WT treatments were always found to be insignificant. 
The soybean yield for different WT treatments obtained from this experiment are 
greater than those obtained in field experiments (Cooper et al. 1991; Cooper et al., 1992; 
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Oosterhuis et al., 1990). The reason for these greater yields could be the efifect of a controlled 
environment that removed stresses like very dry or very wet climatic conditions. 
The regression analysis was performed to determine the relationship between yield and 
WT depths (Figure 9). These resuhs showed a linear increase in soybean yield with the 
increase in WT depth. Similar results were obtamed by Madramootoo et al. (1993); however, 
these results are in contrast with the results obtained under field conditions (Cooper et al. 
1991; Cooper et al., 1992; Nathanson et al 1984). Pookpankdi et al (1989) found that 
average soybean yield was higher under saturated soil culture (SSC) than the conventional 
irrigation (CI). Soybeans developed a transitory chlorosis and shoot growth was slowed 
following exposure to high water tables (Hunter et al 1980; Lawn 1985; Nathanson et al. 
1984; Troedson et al 1983). After an acclimatization period of two to four weeks, plants 
regained a healthy green color and rapid shoot growth resumed (Stanley et al 1980). Cooper 
et al (1992) found the greatest yield of soybean at a 0.41 m WT depth when grown on a sih 
loam soil with a subirrigation/drainage water management system. 
CONCLUSIONS 
The effect of WT depths on the movement of nitrate-N and metolachlor was studied in 
lysimeters. Nitrate-N and metolachlor concentrations in water samples were determined 
during the growing season at three sampling depths using suction tubes. After the removal of 
WT treatments, drainage outflow samples were also collected. Both nitrate-N and metolachlor 
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concentrations were significantly reduced for shallow WT depths compared with deeper WT 
depths. Higher nitrate-N concentrations were observed at deeper soil depths while the 
metolachlor concentrations were higher at shallow soil depths . Generally, the nitrate-N and 
metolachlor concentrations decreased with increase in days after planting. The results from the 
drainage outflow analysis also supported the fact that shallow WT depth can reduces the 
leaching of these chemicals to groundwater. Soybean yield was significantly reduced with the 
rise in WT depth. The results of this study indicate that, on the average, about 42% increase in 
soybean yield is possible by maintaining WT at a depth of 0.60-m below the surface. 
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Table 1; Selected properties of Nicollet loam soil used for experiments® 
Depth Sand Fine Silt Coarse Silt Clay pH^"" BD*" O.C'* 
(cm) (%) (%) (%) (%) (Mg m"') (%) 
0-17 26.7 20.5 26.7 26.7 5.6 1.25 2.6 
17-33 25.9 23.6 22.3 28.2 5.8 1.49 2.4 
33-53 29.0 21.0 20.2 29.8 5.8 1.39 1.8 
53-74 33.3 19.2 18.0 29.5 6.7 1.46 1.1 
"Charkhabi (1990); 
"•pHw = 1.2 soil.water ratio; B.D - bulk density; O.C - organic carbon 
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Table 2: Selected properties of metolachlor 
Soil adsorption, K* 4 
Solubility (mg/L) 530 
Half life (days) 90 
Vapor pressure**(Lasso = 1) 2.2 
Health advisory level (ng/L) 100 
Rating*" 
Leaching Large 
Runoff adsorbed Medium 
Runoff solubility Large 
Old runoff Medium 
*K - concentration in soil/concentration in water, for soil with 2% organic carbon. 
* Vapor pressure relative to that of Lasso (arbitrary chosen as reference point). 
SCS (1991) 
Table 3; Mean Nitrate-N concentration (mg/1) in water samples at a depth of 0.20-m under 
different water table treatments 
Water table depth, m 
DAP* 0.15 0.30 0.45 0.60 Pr>F 
•mg/l' 
71 0.14 a** 0.20 a 0.17 a 0.28 a 0.6782 
92 0.24 a 0.02 d 0.23 b 0.15 c 0.0001 
113 0.04 b ND* 0.33 ab 0.57 a 0.0345 
*DAP - days after planting; ND - not detected 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 4: Mean Nitrate-N concentration (mg/1) in water samples at a depth of 0.40-m under 
different water table treatments 
Water table depth, m 
DAP 0.15 0.30 0.45 0.60 Pr>F 
mg/l 
71 0.18 a" 1.47 a 3.79 a 0.76 a 0.5953 
92 0.01 a 0.16 a 0.29 a 0.15 a 0.4102 
113 0.21 a 0.22 a 0.15 a ND* 0.7884 
'dap - days after planting; ND - not detected 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
Table 5: Mean Nitrate-N concentration (mg/1) in water samples at a depth of 0.60-m under 
different water table treatments 
Water table depth, m 
DAP 0.15 0.30 0.45 0.60 Pr>F 
mg/l 
71 0.15 a" 1.52 a 2.90 a 0.94 a 0.6428 
92 0.11 b 0.13 b 0.06 b 0.27 a 0.0193 
113 0.17 a 0.15 a 0.22 a 0.18 a 0.3897 
'dap - days after planting 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 6: Mean Nitrate-N concentration (mg/1) in drainage outflow under different 
water table treatments 
Water table depth, m 
CHAMBER 0.15 0.30 0.45 0.60 Pr>F 
•mg/l" 
1 0.21 a" 0.26 a 0.48 a 0.32 a 0.4500 
2 0.26 a 0.38 a 0.51 a 0.51 a 0.2208 
Overall Avg. 0.23 c 0.32 be 0.50 a 0.42 ab 0.0475 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
Table 7; Mean metolachlor concentration (ppb) in water samples at a depth of 0.20-m 
under different water table treatments 
Water table depth 
DAP 0.15 0.30 0.45 0.60 Pr>F 
ppb 
50 2.79 a 2.35 a 2.53 a 2.22 a 0.4005 
71 1.33 b 2.25 a 1.89 a 0.85 b 0.0115 
92 0.89 b 1.81 a 1.72 a 1.89 a 0.0224 
113 0.56 b 0.53 b 0.84 ab 1.20 a 0.0451 
*DAP - days after planting 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 8: Mean metolachlor concentration (ppb) in water samples at a depth of 0.40-m 
under different water table treatments 
Water table depth, m 
DAP 0.15 0.30 0.45 0.60 Pr>F 
ppb 
50 1.02 a** 0.97 a 0.88 a 1.55 a 0.2374 
71 0.71 c 0.79 c 1.29 b 2.31 a 0.0012 
92 0.61 c 0.76 be 1.02 b 1.81 a 0.0026 
113 0.53 a 0.47 a 0.72 a 0.60 a 0.5661 
"dap - days after planting 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
Table 9: Mean metolachlor concentration (ppb) in water samples at a depth of 0.60-m 
under different water table treatments 
Water table depth, m 
DAP 0.15 0.30 0.45 0.60 Pr>F 
•ppb. 
50 0.88 ab** 0.66 b 0.72 ab 1.42 a 0.1155 
71 0.83 ab 0.50 b 0.67 ab 1 . 1 0 a  0.0986 
92 0.91 a 0.44 b 0.56 b 0.76 a 0.0061 
113 0.44 c 0.49 b 0.33 c 0.97 a 0.0022 
*DAP - days after plantmg 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 10: Mean metolachlor concentration (ppb) in drainage outflow under different water 
table treatments 
Water table depth, m 
CHAMBER 0.15 0.30 0.45 0.60 Pr>F 
•ppb. 
1 0.62 a" 0.81 a 0.58 a 0.85 a 0.7693 
2 0.33 a 0.51 a 0.47 a 0.88 a 0.3558 
Overall Avg. 0.47 b 0.66 ab 0.52 ab 0.86 a 0.1156 
*DAP - days after planting 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
Table 11: Mean soybean yield (kg/ha) under different water table treatments 
Water table depth, m 
Chamber 0.15 0.30 0.45 0.60 Mean LSDVos) Pr>F 
kg/ha-
1 4t)49 b 5962 ab 6149 ab 8324 a 6271 a 2670 0.0779 
2 4930 b 6005 ab 7206 ab 8273 a 6604 a 2328 0.0621 
Mean 4789 c 5984 b 6677 b 8298 a 6437 1131 0.0042 
'LSD (0.05) - least significant difference at the 0.05 probability level 










Figure 1: Schematic sketch of a lysimeter 
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Figure 4: Residual nitrate concentration (mg/1) as a function of DAP 
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Figure 5: Metolachlor concentration at different depths below the soil surface for various water table 
treatments on different DAPs 
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PHYSIOLOGICAL RESPONSE OF SOYBEAN TO DIFFERENT 
SHALLOW WATER TABLE DEPTHS 
A paper to be submitted to the Photosynthesis Research 
T. Sarwar and R. S. Kanwar 
ABSTRACT 
As water table management systems are being installed throughout the U.S., we need 
to understand the effects of such practices on physiology and growth of all crops. The 
objective of this study, therefore, was to determine the interrelationships among factors 
governing physiological responses of soybean [Glycine max (L.) Merr.] leaves to different 
water table (WT) depths (0.15-, 0.30-, 0.45-, and 0.60-m below the surface). Photosynthesis, 
stomatal conductance, transpiration, intercellular CO2 and chlorophyll were measured weekly 
on leaflets of soybean (cv. Hobbit 87) grown in lysimeters in controlled environment 
chambers. A week after the WT treatments were established, the photosynthesis and 
transpiration rate decreased significantly with the rise in WT depth. However, the results 
were not found consistent during the WT treatment period of this study. Mean photosynthesis 
rates and stomatal conductance for 0.15-m WT treatment were 19% and 10 % lower than 
0.60-m WT treatment. Effects of WT on chlorophyll content and intercellular CO2 were not 
noticed until later part of the growing season, where significantly lower values of these 
parameters were observed for 0.15-m WT treatment than the 0.60-m WT treatment. Leaf 
transpiration was highly responsive to WT, showing significant differences between WT 
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treatments. Canopies under 0.15-m WT treatment transpired 16% less water compared with 
the 0.45-m WT treatment due to excessive moisture stress. Relationships between different 
parameters were developed by using various regression models. Linear positive relations 
were found between photosynthesis and leaf temperature under deeper WT depths. Resuhs of 
these analyses revealed that leaf temperature is a good parameter to predict photosynthesis 
rates. The transpiration rate was found to be highly dependent on stomatal behavior. Seed 
yield was also increased linearly with the increase in photosynthesis, stomatal conductance, 
and transpiration rate. Overall results of this study show that plant physiological parameters 
could be used to evaluate the effectiveness of WT management practices for soybean growth. 
mXRODUCTION 
Several investigators have studied crop responses to water table depth. Williamson 
(1964) studied different plant species under WT depths of 15, 30, 46, 61, and 76 cm below 
the soil surface. He found that the yields of grain sorghum, soybean, cabbage, sweet com, 
and dwarf field com for 15 cm WT depth were reduced by 25, 35, 40, 65, and 75%, 
respectively. Goins et al. (1966) found that tomato yields increased as the WT was lowered 
fi-om 15 to 80 cm. In a lysimeter study conducted in North Carolina, Williamson (1968) 
found that the yield for stringbeans and cabbage in fine sandy loam was maximum with water 
tables at 30 and 45 cm, respectively. Williamson and Kriz (1970) found that optimum WT 
depth under different soil types was a major factor contributing crop production for many 
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crop species, van Schilfgaarde and Williamson (1965) found the maximum yield of soybeans 
in fine sandy loam when WT was maintained at 30 cm below the soil surface. 
Recently, water table management (WTM) by controlled drainage or controlled 
drainage-subirrigation practices have received renewed attention because excessive soil water 
has become one of the major factors aflfecting crop growth and yield. Numerous field and 
lysimeter experiments (Ahmad et al., 1992; Kalita and Kanwar, 1992; Evans et al., 1990; 
Kanwar et al., 1988; Mukhtar et al., 1990) have been conducted to determine crop responses 
under different WTM practices. These studies have not provided some crop parameters that 
may be suitable indicator(s) for determining the eflfects of shallow WT on crop production 
(Kalita and Kanwar, 1992). 
A few studies were conducted recently to investigate the physiological responses of 
crops to WTM. Kalita and Kanwar (1992) investigated the effects of WTM practices on 
some physiological parameters of com using energy balance concept. They found that 
stomatal conductance and transpiration rate were very sensitive to WT depth during 
vegetative and flowering stage of com. The highest values of stomatal conductance and 
transpiration rate were observed for a WT depth of 0.3 m. On the contrary, a shallow WT 
depth of 0.2 m caused waterlogging in the root zone and resulted in poorest plant growth and 
lowest values of stomatal conductance and transpiration rate. They concluded that plant 
physiological parameters could be used to evaluate the best management practices. Miijat 
(1994) also evaluated the effects of various WT depths on different physiological parameters 
of com. He foimd that photosynthesis, stomatal conductance, transpiration rate, intercellular 
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CO2 and chlorophyll content were significantly affected at WTDs of 0.2 and 1.1m compared 
with those at WTDs of 0.3, 0.6 and 0.9 m. Also, there was a strong positive correlation 
between photosynthesis and leaf chlorophyll and between stomatal conductance and 
transpiration rate. Miijat et al. (1995) found decreases in the photosynthesis rates and 
chlorophyll content of com due to flooding stresses. They also observed significant reduction 
in yield when crop was flooded for 9 days. 
Crop production is based on photosynthesis. Improvement of the photosynthetic 
mechanism has become one of the major research interests of recent decades. Many 
environmental factors, such as photosynthetic active radiation (PAR), CO2 concentration, and 
water status of plants and soil, affect photosynthesis as reported by many researchers. It has 
been shown that water stress reduced the rate of CO2 assimilation and leaf conductance in 
com during a period of 14 days when leaf water potential decreased fl-om -0.5 to -8.0 bars 
(Wong et al., 1985). Huber et al. (1984) reported that water stress reduced carbon exchange 
rate (CER) of soybean, and the reduction was greater in non-C02 enriched plants than in CO2 
enriched plants. As CER declined, stomatal resistance increased, but this was not the primary 
cause of decrease in assimilation because CO2 concentration remained relatively constant. 
Many researchers have been interested in understanding how water stress limits 
photosynthesis. Mohanty and Boyer (1976) and Mooney et al. (1977) reported that quantum 
yield of photosynthesis was decreased at low water potential. Photorespiratory CO2 evolution 
was also shown to decrease at low water potential in wheat and sunflower (Lawlor and Fock, 
1975; Lawlor, 1976; Mohanty and Boyer, 1976). In addition, photosynthetic electron 
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transport chain activity was inhibited in plants subjected to water stress (Nir and Mayber, 
1967; Boyer and Bowen, 1970; Fry, 1972; Keck and Boyer, 1974). Nicolodi et al. (1988) 
determined photosynthesis of the upper leaves of irrigated and nonirrigated alfalfa (cv. 
Dabina) for two years. In both years, net photosynthesis (Pn) was inhibited more than 35% in 
nonirrigated plants compared to irrigated plants, which had higher leaf water potential. 
Hesketh (1963) showed that plant species can vary greatly in rate of photosynthesis, but this 
variation is not related to variation of chlorophyll content. Kariya and Tsunoda (1972) also 
reported that the rate of photosynthesis was not necessarily related to chlorophyll contents, at 
least under high light. In addition, Vu and Yelenosky (1988) showed a relative constant 
chlorophyll content during water stress. 
Some investigators have conducted studies on soybean root and yield response to WT 
control (Reicosky et al., 1972; Cooper et al., 1991, 1992; Madramootoo, 1993), but limited 
research has been conducted to understand the physiological response (like photosynthesis, 
stomatal conductance, chlorophyll content etc.,) of soybean to shallow water tables. 
Therefore, the objective of this study was to determine the efifects of shallow water tables on 
physiological parameters of soybean in controlled environmental conditions. 
MATERIALS AND METHODS 
To determine the efiects of shallow WT depths on the physiological growth of 
soybean, two controlled-environment growth chambers (Conviron^ PGW36; 247 x 137 x 196 
cm) were used. Daily diurnal temperatures inside the growth chambers were programmed to 
simulate Ames climatic conditions between May 01 and September 30. These temperature 
values were based on the 30-year (1965-1994) maximum and minimum temperatures for the 
corresponding dates. The temperatures were ramped between hourly set points. For the 
variable daylight periods, light was provided by 45 incandescent 120-W and 30 fluorescent 
115-W light bulbs. During the first hour, only incandescent light was used and for the last 
hour, only fluorescent light was provided. Relative humidity in these chambers could not be 
controlled; however, its values were above 50% for most of the growing season. 
Construction of the lysimeters 
Lysimeters were made from plastic containers (52 x 42 x 71 cm) for growing soybean 
plants in the growth chambers. A hole (about 2.50-cm diameter) was made at a height of 5-
cm from the bottom of the plastic container wdth a power saw (Figure 1). This hole was fixed 
vwth a bung crossing the container wall on both sides and provided a watertight seal. To raise 
or lower the water level in the container, a 5-cm diameter perforated plastic pipe was 
connected by plastic coupling to the bung. The outside of the bung was fitted with a garden-
' The mention of uade or manufacturer names is for the benefit of readers only and does not imply an 
endorsement, recommendation, or exclusion by Iowa State University. 
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hose barb, connected to a float system and a water supply reservoir by a transparent polyvinyl 
tube. The float system consisted of a small bucket-type water reservoir and a float. The 
system was portable and was used to change the water level inside the container by changing 
its height on wooden blocks, which could be adjusted according to the need of the study. 
The oxygen chambers were installed (to take soil-air/water sample for determining the oxygen 
concentration) at depths of 0.15-, 0.30- and 0.60-m in each of the sixteen lysimeters. A 
plastic pipe (0.80-m long and 2.54-cm ID) was installed in each lysimeter to measure the 
water level position inside the lysimeters. 
Placement of soil in the lysimeters 
The soil used for this study was Nicollet loam soil fi^om the Clarion-Nicollet-Webster 
Association. Some of the physical properties of this soil are given in Table 1. A small area (8 
m X 4 m) in the field was selected, crop residues were removed, and the area was then divided 
into 16 smaller areas (2m x 1 m), one for each lysimeter. The soil profile of each smaller area 
was excavated in 0.15-m layers, to a depth of about 0.75-m. The soil was dried, ground, and 
sieved before being placed into the lysimeters. To match the original vertical profile and bulk 
density, soil was packed into the lysuneters in the same order of layers. Surplus soil, if any, 
was saved for later use in the event soil settling occurred in the lysimeters. Soil-filled 
lysimeters were then placed in the growth chambers. Eight lysimeters could be placed in one 
growth chamber at a time. To allow the soil to settle, water was raised slowly (about 10-cm 
in 4 hours) fi-om the bottom of the lysimeters to the soil surface of each lysimeter and was 
kept there for three days. Soil in ahnost all the lysimeters settled during this flooding event. 
The lysimeters were then refilled with the surplus soil to bring the depth of the soil in the 
lysimeters to the depth of the original soil excavation. The same soil type was used in both 
the growth chambers. 
Planting 
In the center of each lysimeter, a groove was made about 20 cm from the walls of 
lysimeter. Eighteen soybean (cv. Hobbit 87) seeds were planted in each lysimeter. After 
germination these plants were thumed to six plants per lysimeter. The same procedure was 
repeated in both growth chambers. Before planting, soil samples were taken fi-om all 
lysimeters to determine the soil fertilizer needs. The results of soil analysis showed high 
amounts of phosphorus and potassium already present in the soil; therefore, no fertilizers were 
applied. Herbicide metolachlor (trade name dual) was applied at a rate of 2.2 kg/ha to all the 
lysimeters. 
Irrigation 
To determine the amount of water required for each surface irrigation during the 
growing season, thirty years (1965-1994) of rainfall data were obtained, and weekly averages 
were calculated fi^om May 01 through September 30. To simulate field conditions, rainfall 
water was applied on a weekly basis (equal to 30 years average weekly rainfall) in the form of 
irrigation because rainfall intensities in the controlled environment growth chambers could not 
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be obtained. This kind of irrigation schedule was needed to match climatic conditions for 
soybeans grown in the humid midwest. 
Measurement of photosynthesis and other parameters 
Measurements on photosynthesis, stomatal conductance, transpiration rate, leaf 
temperature and air temperature were made with a portable photosynthesis system (LICOR-
6200^). This system consists of a CO2 analyzer, a system console, and a sensor housing with 
interchangeable leaf chambers. The CO2 analyzer is a differential, nondispersive, infrared-type 
(NDIR) instrument calibrated for measurements of 0-1100 ppm. 
The net exchange of CO2 between a leaf and the atmosphere is measured by enclosing 
a leaf section in the leaf-chamber and monitoring the exchange rate in CO2 concentration of 
the air in the chamber during a short time interval of 20 to 30 seconds. Area of the leaf 
section in the chamber is measured and the net photosynthesis rate is calculated based on the 
rate of change in CO2, leaf area enclosed, volume of enclosure, and air and leaf temperatures. 
Details of this measurement system are given in "LI-6200: Technical Reference (1987)". 
The measurements on photosynthesis and other parameters were made on a weekly 
basis after the start of treatments. The latest fully developed leaf (generally 3rd or 4th leaf 
from the top) was used for photosynthesis measurements. Measurements representing normal 
leaf position and orientation were replicated on four plants per lysimeter. 
 ^ The mention of trade or manu&cturei names is for the benefit of readers only and does not imply an 
endorsement, recommendation, or exclusion by Iowa State University. 
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Chlorophyll measurements 
Leaf chlorophyll measurements were made with a chlorophyll meter (Minolta SPAD 
502^). The SPAD-502 chlorophyll meter, is a nondestructive, hand held meter available for 
measurement of the green color intensity in crop leaves which is directly related to leaf 
chlorophyll (Tabke and Yoneyama, 1989). The meter is light weight (225 g), powered by two 
AA alkaline batteries, and can store up to 30 measurements. 
The principle on which SPAD-502 works is based on the difference in light attenuation 
at wavelengths 430 and 750 nm. The 430 nm wavelength is in the near-infrared region, where 
no transmittance occurs. The ratio of the light transmittance at these wavelength, is processed 
by the instrument to produce a reading shown on a digital display. This reading is in SPAD 
(Soil Plant Analysis Development) units ranging from 0 to 80, which are values defined by 
Minolta to indicate the relative amount of chlorophyll contained in plant leaves. 
The chlorophyll measurements were made on four plants per lysimeter (sixteen plants 
per treatment). The latest fiilly developed leaf (generally 3rd or 4th leaf from top) was used 
for chlorophyll measurements. The leaf chlorophyll measurements were made on weekly basis 
after the start of treatment. 
 ^The mention of trade or manufacturer names is for the benefit of readers only and does not imply an 
endorsement, recommendation, or exclusion by Iowa State University. 
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Experimeotal design and layout 
The experimental treatments consisted of WT levels maintained at 0.15-, 0.30-, 0.45-, 
and 0.60-m below the soil surface (these treatments started on 37 DAP and ended on 107 
DAP). These treatments were arranged in a randomized complete block design each with four 
replications. There were two replicates in each growth chamber. Lysimeters were arranged in 
the growth chambers in such a way that each lysimeter received similar light levels. Figure 2 
shows the layout of lysimeters in the growth chambers. 
Data on photosynthesis rate, stomatal conductance, transpiration rate, chlorophyll 
content, leaf temperature and air temperature were collected weekly. Four middle plants in 
each lysimeter were used for measurements. Thus, the mean values obtained for each of these 
parameters were the average of 16 plants. The chlorophyll content was also determined 
weekly by using chlorophyll meter. The same four plants and leaves were used for chlorophyll 
determination. Sbc measurements were made on each plant using the same leaf Thus, the 
mean values obtained for chlorophyll content was the average of 384 measurements. 
Statistical analysis 
The statistical analysis was performed on each parameter using analysis of variance 
(ANOVA) procedures of the SAS'^ Institute (1985). Data were analyzed for each week of 
measurements separately. The overall effects of treatments on different parameters were 
" The mention of trade or manu&cturer names is for the benefit of readers only and does not imply an 
endorsement, lecoimnendation, or exclusion by Iowa State University. 
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determined by using the data for all weeks. This technique helped mvestigate the variation 
between WT treatments during the growing season and also the overall effects. The 
regression analyses on different parameters were performed by using Microsoft Excel^ 
(Version 5a, Microsoft Corporation). This program has the capability to conduct trend 
analysis directly on scatter diagrams of each parameter and to give model equations suitable 
for the data set. 
RESULTS AND DISCUSSION 
Photosynthesis rate 
Photosynthesis rate of soybean during the growing season under different water table 
(WT) treatments is presented in Figure 3. The statistical analysis of the data showed that, a 
week after WT treatments were established, photosynthesis rate for the 0.15-m WT treatment 
was significantly lower than other treatments (Table 2). Maximum photosynthesis rate was 
found for the 0.45-m WT treatment. Photosynthesis rate for the 0.15 m WT treatment was 
always lowest than the other WT treatments. Highest photosynthesis rates were observed for 
0.30-m WT treatments on 44, 51, 58, and 79 days after planting (DAP). However, on 65, 72, 
86, 93 and 100 DAP, maximum values of photosynthesis were found for the 0.60-m WT 
treatment. After reaching the peak rate (on 72 DAP), photosynthesis rates for the 0.15-m WT 
 ^The mention of trade or manu&cturer names is for the benefit of readers only and does not imply an 
endorsement, recommendation, or exclusion by Iowa State University. 
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treatment were found to be significantly lower than the 0.60-m WT treatment. Differences 
between 0.30-m and 0.45-m WT treatments were always insignificant, although the 0.45-m 
WT treatment at times gave higher photosynthesis rates than 0.30-m WT treatment. Also, 
photosynthesis rates for the 0.45- and 0.60-m WT treatments were not significantly different 
except during the first and last week of the establishment of WT treatments. Highest and 
lowest photosynthesis rates achieved during the growing season were 20.15 (observed under 
the 0.60-m WT treatment on 72 DAP) and 11.26 nmol/m^/s (observed under the 0.15-m WT 
treatment on 44 DAP), respectively. For the 0.15-, 0.30-, 0.45-, and 0.60-m WT treatments, 
the photosynthesis rates varied fi-om 11.26 to 14.52, 13.24 to 18.45, 13.82 to 19.39 and 12.06 
to 20.15 fimol/mVs, respectively. 
The ANOVA using the entire data showed that mean photosynthesis for the 0.15-, 
0.30-, 0.45-, and 0.60-m WT treatments were 13.25, 15.94, 16,19, and 16.36 nmol/mVs, 
respectively (Table 9). Although, the overall resuhs showed a decrease in mean 
photosynthesis with the rise in WT depth, the differences between WT treatments were found 
to be statistically insignificant. The overall mean photosynthesis over the treatment period for 
all WT treatments was 15.44 nmol/m^/s. 
Relationships were developed for photosynthesis as a function of DAP (Figure 3). 
The results showed that the best-fit models for all WT table treatments were quadratic. These 
models show that a strong relationship exit between photosynthesis rate and DAP. The 
determination coefiBcients (R^) obtained for the 0.15-, 0.30-, 0.45-, and 0.60-m WT 
treatments were 0.72, 0.83, 0.86 and 0.92, respectively. This shows that DAP is better able to 
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predict variation in photosynthesis rates if WT depth is lowered (to deeper depths). Under 
shallow WT depths, the crop was under stress due to excessive wetness, therefore, a lot of 
variation in mean photosynthesis was observed. This study provides an estimate of 
photosynthesis rate for different WT treatments as a function of DAP. These regression 
models needs to be verified further with the data fi-om field conditions before being used. 
Stomatal conductance 
The results showed quite inconsistency on stomatal conductance response to WT 
treatments (see Table 3 and Figure 4). A week after treatments were established, differences 
between WT treatments were found to be statistically significant. The stomatal conductance 
for the 0.30-m WT treatment was significantly lower than the 0.60-m WT treatment. For 44, 
51, 58, and 64 DAP, stomatal conductance under the 0.15-m WT treatment was higher than 
the 0.30- and 0.45-m WT treatments. The stomatal conductance values for the 0.30- and 
0,45-m WT treatments were almost same on 51, 58, 65, 72 and 79 DAP. Highest stomatal 
conductance values for all WT treatments were achieved on 72 DAP. After reaching the 
peak, the trends were changed for different WT treatments and the stomatal conductance 
under the 0.15-m WT treatment was lower than other three WT treatments. Also, stomatal 
conductance values obt^ed for the 0.30-m WT treatment were higher than the 0.45-m WT 
treatments. Although, the trends were inconsistent for the 0.15-, 0.30-, and 0.45-m WT 
treatment, the stomatal conductance under the 0.60-m WT treatment was always higher than 
other three WT treatments. 
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The overall mean stomatal conductance for the 0.15-, 0.30-, 0.45-, and 0.60-m WT 
treatments were 1.04, 1.10, 1.10, and 1.17 mol/m^/s. The mean stomatal conductance for all 
WT treatments during the treatment period was 1.10 mol/m^/s. Although, the stomatal 
conductance was lower under shallower WT depths, the differences in stomatal conductance 
between different WT treatments were not significant. 
The results fi^om regression analysis showed that quadratic model was able to explain 
the variation in stomatal conductance better under diflferent WT treatments (Figure 3). The 
determination coefficients (R^) for the 0.15-, 0.30-, 0.45-, and 0.60-m WT treatments were 
0.76, 0.81, 0.77 and 0.83, respectively. The stomatal conductance for all WT treatments 
increased with time until 72 DAP, thereafter, the values kept decreasing until last 
measurements were made. These trends are similar to those obtained for photosynthesis rate. 
Transpiration rate 
Data on transpiration rate of soybean leaves under diflferent WT treatments are 
presented Table 4 and Figure 5. The resuhs showed that the transpiration rate was 
significantly affected by WT treatments. A week after the WT treatments were established 
(on 44 DAP), transpiration rates for shallow WT depths were significantly lower than deeper 
WT depths. Canopies under the 0.15-m WT treatments transpired 11% less water compared 
with the 0.60-m WT treatment. Highest transpiration rate on 44 DAP was found for the 0.60-
m WT treatment. These trends kept changing until peak transpiration rate were achieved on 
72 DAP. Before reaching the peak, the highest transpiration rates were found either for the 
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0.45- or 0.60-m WT treatment. From 86 DAP and afterward, the highest transpiration rates 
were achieved at the 0.45-m WT treatment. The transpiration rates for the 0.15-m WT 
treatment were always found to be lowest. The maximum transpiration rates of 6.93, 7.41, 
7.35, and 7.60 mm/d were achieved for the 0.15-, 0.30-, 0.45-, and 0.60-m WT depths, 
respectively, on 72 DAP. The lower transpiration rates at 0.15-m WT could be due to 
excessive water supply in the root zone which in turn caused stress, whereas, the slight 
reduction in transpiration rates at the 0.60-m WT depth could be due to inadequate moisture 
contents in the root zone. 
These results are in agreement with findings of Kalita and Kanwar (1992), and Miijat 
(1994). They observed low transpiration rates of com leaves at 0.20-m and 1.1-m WT 
depths. Cannell and Jackson (1981) also reported that waterlogging causes shoot wihing in a 
very short time, which in turn causes physiological drought to the plant leaves by increasing 
resistance to water flow to the roots. When stomata are open wide enough transpiration rates 
are higher, and in contrast, when roots reduce water supply to leaves, the plant leaves wilt and 
as a result, transpiration rate slow down significantly. 
The overall analysis showed that transpiration rate was significantly dififerent for all 
WT treatments (Table 9). The 0.45-m WT treatment gave highest overall transpiration rate 
when compared with other WT treatments. Under the 0.15-m WT treatment, leaves 
transpired 16% less water than those at the 0.45-m WT treatment. Transpiration rates at the 
0.30-m WT depth were only 5% lower than the 0.60-m WT depth. 
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The regression analysis results indicate that DAP was able to explain, on the average, 
92% of the variation in transpiration rates (Figure 5). The best-fit models obtained of 
different WT treatments were of second order polynomials (quadratic). The models predicted 
maximum transpiration rates of 6.07, 6.45, 6.65, and 6.94 for the 0.15-, 0.30, 0.45- and 0.60-
m WT treatments respectively, on 72 DAP. The transpiration rate for all WT treatments were 
low early in the growing season, reached to a peak on 72 DAP, and declined thereafter. The 
models also predicted that transpiration rates for the 0.45-m WT treatment were higher 
compared with other three WT treatments. 
Chlorophyll content 
Chlorophyll content of soybean leaves was determined weekly using chlorophyll meter 
(see Table 5 and Figure 6). Results indicate that, a week after WT treatments were 
established, the chlorophyll content for the 0.15-m WT treatment was significantly higher than 
other three treatments. However, different trends were observed for rest of the growing 
season. During earlier part of the growing season (51, 58, 65, 72, and 79 DAP), maximum 
chlorophyll content was found either for the 0.30-m WT treatment or the 0.45-m WT 
treatment. For later part of the growing season (86, 93, 100 and 107 DAP), the highest 
values of chlorophyll content were found for the 0.60-m WT treatment. Some consistency 
was observed during the last two weeks of treatments, where higher chlorophyll content was 
observed for deeper WT depths and lower was for shallow WT depths. Maximum chlorophyll 
content of 49.71 was achieved on 86 DAP under the 0.60-m WT treatment. Chlorophyll 
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content was lowest for the 0.15-m WT treatment during most of the treatment period. 
Difference in chlorophyll contents between the 0.30- and 0.45-m WT treatments and between 
the 0.45- and 0.60-m WT treatments were always insignificant. For the 0.15-, 0.30-, 0.45-, 
and 0.60-m WT treatments, the mean values of chlorophyll content varied from 31.32 to 
47.69, 31.96 to 49.79, 31.79 to 48.16, and 30.54 to 49.71, respectively. 
The ANOVA was performed on the entire data to investigate the overall effect of WT 
treatments on chlorophyll content of leaves (Table 9). The results showed an increase in 
chlorophyll content with the increase in WT depth. The highest value of 41.28 was obtained 
for the 0.60-m WT treatment and the lowest value of 37.88 was obtained for the 0.15-m WT 
treatment. Although, the differences between WT treatments for chlorophyll content were 
statistically insignificant, the chlorophyll values for the 0.15-m WT treatment were about 8% 
lower than the 0.60-m WT treatment. 
A second order polynomial curve was found to be the best-fit for the chlorophyll data 
(Figure 6). Although, the determination coeflBcients (R^) obtained were not very high (0.50, 
0.56, 0.59, and 0.60 for the 0.15-, 0.30-, 0.45-, and 0.60-m WT treatments, respectively), 
consistent increase in their values indicate that better predictions could be obtained if higher 
WT depths are used. These curves indicate that chlorophyll content of soybean leaves is low 
early in the growing season, reach to peak value near the pod filling stage, and declmes 
thereafter. These trends are consistent with those obtained for photosynthesis and stomatal 
conductance. 
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Due to large inconsistency in results, definite conclusions can not be drawn about the 
effect of WT treatments on chlorophyll content of soybean leaves. However, it should be 
recognized that WT treatments in the present experiment were established for a period of 70 
days as compare to other studies reported in the literature where only short term effects were 
considered. Under prolonged shallow WT conditions, the effects are not clear until the later 
part of the growing season. For short term WT conditions (7 days of treatment), significant 
differences could be observed as achieved in this study also, a week after WT treatments were 
established. 
Intercellular CO2 
Data on intercellular CO2 as a function of time and WT depth are presented in Table 6 
and Figure 7. A week after the WT treatments were established, highest intercellular CO2 
values were found for the 0.30-m WT treatment and the lowest for the 0.15-m WT treatment. 
But the trends were different for the rest of the WT treatment period. For 51, 58, and 65 
DAP, highest intercellular CO2 was found under the 0.15-m WT treatment. These trend kept 
changing until 86 DAP. On 86 DAP and afterwards, the intercellular CO2 was found to be 
increasing with the increase in WT depth. The 0.60-m WT treatment gave the highest 
intercellular CO2 and the 0.15-m WT treatment gave the lowest intercellular CO2. The highest 
intercellular CO2 of 455.6 ppm was observed on 72 DAP for the 0.60-m WT treatment, and 
the lowest value of 375.1 ppm was observed on 107 DAP for the 0.15-m WT treatment. 
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In this study, the intercellular CO2 values found under different WT treatments are 
somewhat higher than those observed under field condition (Huber et al., 1984). The reason 
for this phenomenon is that while using the portable photosynthesis system, the author had to 
work inside the growth chamber. Since constant human breathing in the closed chambers 
could increase the levels of CO2 of inside environment, one door of the chambers was left 
propped open during the measurements. The author used to stand by the door and breathe 
outside the chamber while taking measurements. This method controlled the CO2 levels inside 
the chamber to a large extent. Another method of breathing through a plastic hose was also 
tried but it was not found very effective and convenient. Some methods of breathing through 
an external source and exhaling outside the chamber are commercially available but those are 
very expensive. 
The ANOVA using entire data showed that increase in WT depth caused an increase 
in intercellular CO2 in soybean leaves. The overall differences between WT treatments for 
intercellular CO2 were not significant. Regression analysis was performed to investigate the 
relation between DAP and intercellular CO2 (Figure 7). The second order polynomial curves 
were found to be the best-fit for the data. The determination coeflBcients (R^) for the 0.15-, 
0.30-, 0.45-, and 0.60-m WT treatments were 0.67, 0.47, 0.43, and 0.46, respectively. 
Leaf temperature 
Canopy temperature is used to characterize drought stress effects on many field crops. 
When stomata close, transpiration is reduced and consequently the cooling effect is diminished 
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leading to leaf temperature increases. Diurnal variation in evaporative demand is also mainly 
due to leaf temperature. The closer the leaf temperature stays to air temperature, the closer 
the evaporative demand experienced by the leaf reflects the saturation vapor deficit of the air. 
Reduction in leaf temperature has another indirect benefit in terms of photosynthesis. The 
cooler the leaf, the larger is the stomatal conductivities corresponding to any given 
evaporation rate. 
Leaf temperature of soybean was determined weekly by using a portable 
photosynthesis system, for diflFerent WT treatments (Table 7 and Figure 8). The results 
showed that the leaf temperature values were lower during the early part of the treatment 
period, reached to a peak, and declined thereafter. Highest values of leaf temperature were 
found for the 0.60-m WT treatment on 79 DAP and the lowest values were observed for the 
0.15-m WT treatment on 107 DAP. A week after the WT treatments were established, leaf 
temperature was found to be increased with the increase in WT depth. Similar trends were 
obtained the following week (on 51 DAP), however, there was some inconsistency in resuhs 
after that. During the later part of the treatment period (on 86, 93, 100, and 107 DAP), 
lowest values of leaf temperature were obtained for the 0.30-m WT treatment. The leaf 
temperature values for the 0.60-m WT treatment were highest during most of the WT 
treatment period. For the 0.15-, 0.30-, 0.45-, and 0.60- m WT treatments, the leaf 
temperatures during the treatment period ranged fi-om 30.00 to 32.08, 30.20 to 32.05, 30.38 
to 32.50, and 30.61 to 32.51 °C, respectively. The leaf temperature values under different 
WT treatments were so close to each other that the separate analysis of all ten weeks of 
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treatment period gave statistically insignificant results. Entire data was subjected to regression 
analysis to investigate the relation between leaf temperature and DAP (Figure 8). These 
results revealed that a good correlation exists between leaf temperature and DAP. The 
determination coeflBcients (R^) for the 0.15-, 0.30-, 0.45-, and 0.60-m WT treatments were 
0.74, 0.76, 0.80, and 0.80, respectively. 
Similar trends have been reported in the literature. Allen et al. (1994) determined the 
midday leaf temperatures of soybean under drought stress in controlled-environment growth 
chambers. They found that leaf temperatures were not statistically significant during early 
stages of the water stress period for water stressed treatments. As water stress progressed , 
midday leaf temperature also increased. For non-stressed treatments, an increase of >6 °C 
(mostly late in the period) was observed in the leaf temperature under 330 ppm carbon 
environment. 
Air-leaf differential 
Air-leaf differential was calculated for the entire data by taking difference between 
mean values of air and leaf temperatures (Table 8 and Figure 9). These resuUs showed that, a 
week after the treatments were established, the air-leaf differential decreased with the decrease 
in WT depth. Highest values of air-leaf differential was found for the 0.60-m WT treatment 
and the lowest values for the 0.15-m WT treatment. Although, the trends were changed for 
other weeks of measurements, generally, higher values of air-leaf differential were found for 
the 0.60-m WT treatment and lower values were for the 0.15-m WT treatment. The air-leaf 
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dififerential for the 0.45-m WT treatment was higher than the 0.30-m WT treatment during 
most of the growing season. Despite the variation in air-leaf differential for different WT 
treatments, the difference were not found to be statistically significant. 
Regression analysis was done to evaluate the relation between air-leaf temperature and 
DAP (Figure 9). These results showed that DAP was a good predictor, accounting for, on the 
average, 83% of the variation in air-leaf dififerential. The highest R^. values were found for 
the 0.45-m WT treatment and the lowest for the 0.30-m WT treatment. The general trend for 
all WT treatment was found to be similar. Air-leaf temperature values were low during the 
early part of the growing season, reached to a peak value on 72 DAP, and declined thereafter. 
The mean air-leaf dififerential for different WT treatments, under this study, was never 
found to be negative. This means that mean leaf temperature for different WT treatments 
never exceeded the mean air temperature during the treatment period. These results are in 
agreement with the findings of Jackson et al., (1977) and Reicosky et al., (1980). Working 
with wheat (Jackson et al., 1977), and soybean (Jung and Scott, 1980; Reicosky et al., 1980) 
showed that midday canopy temperature of well-watered plants remains 2 to 7 °C below air 
temperatures. However, as the water supply became limiting, canopy temperatures of 
stressed plants were similar to or greater than air temperatures during the middle of the day. 
Negative air-leaf dififerential under different WT treatments have also been reported in the 
literature (Kalita and Kanwar, 1992; Miijat, 1994). Our results could be due to the effect of 
diurnal temperature variation created for this experiment. As explained in materials and 
methods part also, the air temperature data for soybean was obtained by taking thirty years 
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averages for each week of the growing season. Some assumptions were made regarding the 
diurnal air temperature variations and values were calculated for each hour. This was done to 
make mside environment of the growth chambers as close to the field conditions as possible. 
However, there is considerable diurnal variation under the field condition which cause air 
temperature to vary greatly. Air temperature, relative humidity and wind speed also affect 
leaf temperature (Jackson, 1982). 
Photosynthesis and stomatal conductance 
Relationships between photosynthesis rates and stomatal conductance were developed 
through linear regression analysis (Figure 10). Stomatal conductance values were a good 
predictor of photosynthesis rate, accounting for, on the average 74 % of the variation in 
photosynthesis rates. The high values of determination coefficient (R^) for all WT treatments 
indicate that the linear models were appropriate to explain the relationships between these 
parameters and were fitting well to their respective data sets. Comparison between WT 
treatments based on values showed that the 0.45 m WT treatment yielded higher R^ values 
than did the 0.15-, 0.30-, and 0.60-m WT depths. This provide the evidence that adequate 
supply of water to the root zone accelerated stomatal conductance which in turn increased the 
photosynthesis rate. The lower values of R^ with the 0.15-m WT depth, might explain that 
excessive water stress did affect the stomatal conductance which reduced the photosynthesis 
rate. 
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Control of stomatal opening and closer is important to photosynthesis and its response 
to environmental stresses. The decrease of photosynthesis during the water stress period can 
be due to either non stomatal or stomatal effects (Cox and Jolliff, 1987; Wong et al., 1985; 
Berkowitz and Whalen, 1985; Ackerson, 1980; Boyer and Bowen, 1970). Cox and Jolliff 
(1987) reported that carbon dioxide exchange rate (CER) of soybean was reduced up to 50% 
with the increase in stomatal resistance due to water stress. They suggested that stomatal 
closure was responsible for reduced CER in dry land soybean. Stomatal movements provide 
the leaf with opportunity to change the CO2 both between atmosphere and the site of 
carboxylation, and the rate of transpiration (Farquhar and Sharkey, 1982). Boyer (1976) 
reported that at low leaf water potential, photosynthesis can be reduced by stomatal closure. 
Stomatal closure due to water stress decreased leaf transpiration, which in turn, increased leaf 
temperature and decreased photosynthesis (Beardsell et al., 1973; Ehrler et al., 1978; Teare 
andKanemsu, 1972). 
Photosynthesis and leaf temperature 
Optimum leaf temperature is important for photosynthesis. Low leaf temperature 
reduced assimilate rate by reducing activity of rubisco and the capacity for electron transport, 
while high leaf temperature also reduced photosynthetic rate by reduce electron transport 
capacity and increasing the rate of CO2 evolution (Farquhar and Sharkey, 1982). The 
regression analysis was performed to investigate the relationship between leaf temperature and 
photosynthesis rate (Figure 11). The resuh showed that the leaf temperature, on the average, 
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was able to explain 56% variation in photosynthesis rate. Good correlation was found for all 
WT treatments except the 0.15-m WT treatment (R^ = 0.10). Such a low determination 
coefiBcient for the 0.15-m WT treatment indicate that relationship between photosynthesis rate 
and leaf temperature does not hold good for very shallow WT condition. 
Transpiration rate and stomatal conductance 
Transpiration rate is controlled by stomatal movements. Stomatal closure due to 
water stress decreased leaf transpiration, which in turn, increased leaf temperature and 
decreased photosynthesis (Beardsell et al., 1973; Ehrler et al., 1978; Teare and Kanemsu, 
1972). Relationship between transpiration and stomatal conductance for different WT 
treatments was investigated (Figure 12). A strong positive correlation between transpiration 
rate and stomatal conductance for different WT treatments was observed. The stomatal 
conductance was found to be a good predictor of transpiration rate, accounting for on the 
average, 92% variation in transpiration rate. The high values for for all WT depths indicate 
that the linear models were appropriate to explain the relationships between these parameters. 
Comparison between WT treatments based on R^ values showed that the 0.30-m WT depth 
yielded higher R^ values than other three WT treatments. 
Relation between plant physiological parameters and soybean seed yield 
Relationships were developed between photosynthesis rate, stomatal conductance, 
transpiration rate, chlorophyll content and seed yield of soybean (see Figure 13, 14, 15, and 
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16). These figures showed a linear increase in soybean seed yield with the increase in 
photosynthesis rate, stomatal conductance, transpiration rate and chlorophyll content. 
Stomatal conductance and transpiration rate were found to be good predictors of soybean 
seed yield, accounting for 96 and 80% of the variation in the seed yield, respectively. 
Although, the phtosynthesis rate was able to express only 67% of the variability in the seed 
yield, the seed yield was found to be increased with the increase in photosynthesis rate. The 
chlorophyll content was not observed as a good predictor of soybean yield. 
CONCLUSIONS 
Physiological responses of soybean to different WT treatments were determined in 
environmentally controlled chambers. Photosynthesis and stomatal conductance were 
significantly affected by shallow water tables after a week of WT establishment. Transpiration 
rates was the single parameter found to be highly responsive to WT depths. Shallow WT 
depths significantly reduced transpiration rates of soybean leaves compared with deeper WT 
depths. Effects of WT treatments on chlorophyll content and intercellular CO2 of leaves were 
not observed during early part of the growing season, however, the results of last two weeks 
of measurements show significant differences between different WT treatments for these two 
parameters. It seems evident fi-om the results of this study that a strong positive relation exist 
between leaf temperature and photosynthesis and between transpiration rates and stomatal 
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conductance. Seed yield was found to be increased with the increase in photosynthesis, 
stomatal conductance, and transpiration rate. 
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Table 1: Selected properties of Nicollet loam soil used for experiments' 
Depth Sand Fine Silt Coarse Silt Clay pHw" BD*" O.C" 
(cm) (%) (%) (%) (%) (Mg m'^) (%) 
0-17 26.7 20.5 26.7 26.7 5.6 1.25 2.6 
17-33 25.9 23.6 22.3 28.2 5.8 1.49 2.4 
33-53 29.0 21.0 20.2 29.8 5.8 1.39 1.8 
53-74 33.3 19.2 18.0 29.5 6.7 1.46 1.1 
"Charkhabi (1990); 
""pHw =1:2 soil'.water ratio; B.D - bulk density; O.C - organic carbon 
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Table 2: Mean photosynthesis rate (pimol/mVs) as a function of DAP under various 
water table treatments 
Water table depth, m 
DAP* 0.15 0.30 0.45 0.60 LSD (0.05) Pr>F 
44 11.26 c" 13.78 a 13.82 a 13.14b 0.50 0.0013 
51 12.30 a 14.82 a 15.10a 14.49 a 3.00 0.1562 
58 13.33 a 15.38 a 16.39 a 15.85 a 4.77 0.6401 
65 13.81 a 17.38 a 17.43 a 18.00 a 6.24 0.3038 
72 14.29 a 18.45 a 19.39 a 20.15 a 8.42 0.2976 
79 14.16 b 17.45 ab 19.11 a 18.99 a 3.68 0.0609 
86 14.52 b 15.47 b 15.84 ab 17.84 a 1.78 0.5703 
93 13.17b 15.99 ab 15.62 ab 17.00 a 3.56 0.1960 
100 11.83 b 16.51 a 15.38 ab 16.67 a 3.75 0.0682 
107 13.82 ab 13.24 ab 14.72 a 12.06 b 2.60 0.1502 
*DAP - days after planting; LSD (o.os) - least significant difference at the 0.05 probability level 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 3: Mean stomatal conductance (mol/m^/s) as a function of DAP under various water 
table treatments 
Water table depth, m 
DAP* 0.15 0.30 0.45 0.60 LSD (0.05) Pr>F 
44 0.75 ab" 0.68 b 0.76 ab 0.78 a 0.10 0.1304 
51 0.86 a 0.81 a 0.82 a 0.91 a 0.13 0.2564 
58 0.94 b 0.93 b 0.92 b 1.13 a 0.15 0.0516 
65 1.29 a 1.28 a 1.28 a 1.46 a 0.20 0.1436 
72 1.64 a 1.64 a 1.64 a 1.79 0.35 0.4973 
79 1.41 a 1.52a 1.51 a 1.46 a 0.47 0.8729 
86 1.26 a 1.33 a 1.26 a 1.34 a 0.33 0.7991 
93 0.97 a 1.13a 1.07 a 1.14a 0.23 0.2739 
100 0.69 b 0.93 a 0.88 a 0.93 a 0.18 0.0587 
107 0.65 a 0.75 a 0.86 a 0.75 a 0.34 0.4100 
'DAP - days after planting; LSD (o.os) - least signij5cant diflFerence at the 0.05 probability level 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 4; Mean transpiration rate (mm/d) of soybean leaves as a function of DAP under 
various water table treatments 
Water table depth, m 
DAP* 0.15 0.30 0.45 0.60 LSD (0.05) Pr > F 
44 2.84 c'* 2.95 be 3.04 b 3.20 a 0.12 0.0080 
51 3.72 c 4.10 b 4.38 a 4.27 a 0.12 0.0014 
58 4.57 d 4.86 c 5.22 b 5.43 a 0.11 0.0004 
65 6.36 c 6.59 b 6.64 ab 6.71 a 0.10 0.0051 
72 6.93 c 7.41 b 7.35 b 7.60 a 0.14 0.0020 
79 6.50 c 6.74 b 7.28 a 6.86 b 0.16 0.0021 
86 5.23 c 6.37 b 6.62 a 6.52 ab 0.21 0.0007 
93 4.87 b 5.32 a 5.74 a 5.47 a 0.45 0.0285 
100 3.56 a 4.72 a 5.37 a 5.14b 0.77 0.0151 
107 2.66 d 3.67 c 4.29 a 4.06 b 0.19 0.0004 
*DAP - days after planting; LSD (o.os) - least significant dijBference at the 0.05 probability level 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 5: Mean chlorophyll content (SPAD) as a function of DAP under various water table 
treatments 
Water table depth, m 
dap' 0.15 0.30 0.45 0.60 lsd (0.05) Pr>F 
CDAnl 
44 33.46 a" 31.96 ab 31.79 ab 30.54 b 2.84 0.1599 
51 34.00 a 34.86 a 33.76 a 33.44 a 2.81 0.5182 
58 34.54 b 37.74 a 35.73 ab 36.34 ab 3.17 0.1619 
65 33.84 c 36.98 ab 37.89 a 35.99 b 1.59 0.0133 
72 31.81 a 35.83 a 37.39 a 36.01 a 5.85 0.1705 
79 43.89 a 49.79 a 48.16 a 47.64 a 7.77 0.2808 
86 47.69 a 48.98 a 47.26 a 49.71 a 7.25 0.7117 
93 44.64 a 47.39 a 47.01 a 48.64 a 5.74 0.3331 
100 41.58b 45.81 ab 46.75 ab 47.58 a 5.39 0.1108 
107 33.32 b 43.28 ab 43.41 ab 46.91 a 11.03 0.0934 
"dap - days after planting; LSD (o.os) - least significant diflference at the 0.05 probability level 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
' SPAD - Soil Plant Analysis Development units 
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Table 6; Mean intercellular CO2 (ppm) of soybean leaves as a fiinction of DAP under 
various water table treatments 
Water table depth, m 
DAP* 0.15 0.30 0.45 0.60 LSD (0.05) Pr>F 
44 391.7 a" 
ppm 
410.4 a 408.0 a 403.1 a 49.97 0.6769 
51 402.0 a 401.4 a 375.6 b 395.2 a 13.77 0.0231 
58 423.0 a 393.8 a 408.4 a 399.8 a 71.51 0.6401 
65 437.3 a 420.8 a 446.0 a 434.4 a 37.05 0.3519 
72 428.7 a 450.3 a 453.8 a 455.6 a 60.95 0.5541 
79 399.2 a 408.1 a 409.7 a 404.0 a 55.98 0.9283 
86 387.6 a 384.1 a 396.0 a 405.3 a 96.95 0.8950 
93 388.4 a 395.6 a 400.0 a 411.1 a 92.77 0.8827 
100 380.3 c 387.0 be 393.8 ab 401.1 a 12.55 0.0437 
107 375.1 b 382.1 ab 388.8 ab 394.3 a 18.34 0.1360 
'dap - days after planting; LSD (o.os) - least significant difference at the 0.05 probability level 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 7: Mean leaf temperature (°C) of soybean as a function of DAP under various water 
table treatments 
Water table depth, m 
DAP* 0.15 0.30 0.45 0.60 LSD (0.05) Pr>F 
Of 
44 30.15 a" 30.20 a 30.56 a 30.61 a 1.99 0.8292 
51 30.39 a 30.64 a 30.73 a 31.09 a 1.94 0.7334 
58 30.63 a 31.08 a 30.86 a 31.61 a 2.00 0.5397 
65 31.06 a 30.87 a 31.66 a 31.59 a 1.05 0.2137 
72 32.08 a 31.88 a 32.49 a 32.38 a 2.15 0.7997 
79 31.86 a 32.05 a 32.50 a 32.51 a 1.67 0.5793 
86 31.02 a 30.57 a 31.46 a 31.18a 1.94 0.5907 
93 31.44 a 30.55 a 31.62 a 31.37a 2.54 0.6119 
100 31.37 a 30.54 a 31.77 a 31.56a 3.23 0.6015 
107 30.00 a 30.27 a 30.38 a 30.88 a 1.28 0.3401 
*DAP - days after planting; LSD (o.os) - least significant difference at the 0.05 probability level 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 8; Mean air-leaf differential (°C) as a function of DAP under various water 
table treatments 
Water table depth, m 
dap' 0.15 0.30 0.45 0.60 lsd (0.05) Pr>F 
°c 
44 0.52 a" 0.64 a 0.68 a 0.70 a 1.88 0.9887 
51 0. 76 a 0.69 a 0.81 a 0.83 a 1.87 0.9945 
58 0.91 a 0.87 a 0.94 a 0.98 a 1.96 0.9980 
65 1.05 a 0.92 a 1.10a 1.07 a 1.14 0.9549 
72 1.28 a 1.09 a 1.23 a 1.16a 0.37 0.4777 
79 1.03 a 1.26 a 1.25 a 1.22 a 0.49 0.5307 
86 0.64 a 0.64 a 0.57 a 0.68 a 0.20 0.4811 
93 0.94 a 1.21 a 1.10a 1.22 a 0.43 0.3112 
100 0.41 a 0.60 a 0.74 a 0.86 a 0.77 0.4263 
107 0.34 a 0.36 a 0.48 a 0.12 0.37 0.1789 
*DAP - days after planting; LSD (o.os) - least significant difference at the 0.05 probability level 
"Means in rows followed by the same letter are not significantly different at the 0.05 
probability level. 
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Table 9: Means of different plant physiological parameters using the data for all weeks of 
measurement 
Water table depth, m 
Parameter 0.15 0.30 0.45 0.60 lsd (o.os) Pr >f 
PHOTO' 13.25 a" 15.94a 16.19a 16.36a 3.34 0.1459 
COND^ 37.88 a 41.26 a 40.92 a 41.28 a 3.74 0.3768 
TRANS^ 4.72 d 5.27 c 5.59 a 5.53 b 0.05 0.0151 
CHLORO" 37.88 a 41.26 a 40.92 a 41.28 a 3.74 0.1455 
ICELL' 401.33 a 403.34 a 407.98 a 410.39 a 36.58 0.8502 
TLEAF® 31.05 a 30.87 a 31.40 a 31.48 a 1.74 0.6759 
TDIFF' 0.79 a 0.83 a 0.89 a 0.88 a 0.54 0.9189 
'PHOTO - Photosynthesis rate; ^ CON - Stomatal conductance; ^TRANS - Transpiration rate; 
'^CHLORO - Chlorophyll content; 'ICELL - Intercellular CO2; ®TLEAF - Leaf temperature; 
^TDDFF - Air-leaf differential; *LSD - least significant difference at the 0.05 probability level 
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Figure 2: Layout of lysimeters and treatments in the growth chambers 
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Figure 4; Stomatal conductance of soybean during the growing season 
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Figure 5: Transpiration rate of soybean during the growing season 
under different water table treatments 
y = -0.006x  ^+ 1.0928X - 4.772 
R^=0.59 
9 
y = -0.0073x' + 1.2317x - 7.9781 
'^  = 0.60 
X 
- B - _ 
$ A 
y = -0.0083x' + 1.3747X - 12.254 H 
® R' = 0.56 / 
y =-0.0097x'+ 1.4714X -14.343 
R' = 0.50 
OWTD = 0.15 m 
•WTD = 0.30 m 
AWTD = 0.45 m 
XWTD = 0.60 m 
30 37 44 51 58 65 72 79 86 93 100 107 114 
DAYS AFTER PLANTING 
Figure 6; Chlorophyll content of soybean during the growing season 
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Figure 8: Leaf temperature of soybean during the growing season under 
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Figure 9: Air-leaf diflferential during the growing season under different 
water table treatments 
y = 4.90S8x+10.791 
R^ = 0.87 . 
3- 20 
y = 6.9479x^-8.2486 
R'=0.82 y = 4.8S29x+10.611 
R' = 0.77 _ 
•I 
y = 2.3656x+10.773 
R' = 0.51 
S •• OWTD = 0.15 m 
•WTD = 0.30 m 
AWTD = 0.45 m 
XWTD = 0.60 m 
0.7 0.5 0.9 1.1 1.3 1.5 1.7 1.9 
STOMATAL CONDUCTANCE (mol/m'/s) 
Figure 10: Relation between stomatal conductance and photosynthesis rate 
under different water table treatments 
160 
y=3.6713x-99.195 
R' = 0.76 
y = 2.3214x-55.712 
R' = 0.64 £ 20 
y=1.8775x-42.768 
R' = 0.72 CO 15 
(0 10 y = 0.4689x-1.3128 
R' = 0.10 
31 31.5 32 
LEAF TEMPERATURE(°C) 
OWTD = 0.15 m 
•WTD = 0.30 m 
AWTD = 0.45 m 
XWTD = 0.60 m 
32.5 33 





li! 6 + 
B 5 + (-
y = 4.2204x +0.9499 
R' = 0.86 
y=4.331x+0.5164 




y = 4.4101x +0.1031 
R^ = 0.93 
2 • 
1  • •  
y=3.9666x + 0.S93 
R' = 0.93 
OWTD = 0.15 m 
•WTD = 0.30 m 
AWTD = 0.4Sm 
XWTD = 0.60 m| 
0.5 0.7 0.9 1.1 1.3 1.5 
STOMATAL CONDUCTANCE (mol/m^/s) 
1.7 1.9 
Figure 12: Relation between stomatal conductance and transpiration rate 
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Figure 13: Relation between photosynthesis rate and soybean seed yield 
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Figure 14: Relation between stomatal conductance and soybean seed yield 
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Figure 15; Relation between transpiration rate and soybean seed yield 
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Figure 16: Relation between chlorophyll content and soybean seed yield 
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GENERAL CONCLUSIONS 
This study was conducted to investigate the effects shallow water table depths on soil 
aeration, water quality and physiological growth parameters of soybean. The experiments 
were conducted in two environmentally controlled growth chambers using sixteen lysimeters. 
Water table (WT) treatments were established on 37 DAP, at depths of 0.15-, 0.30-, 0.45-
and 0.60-m below the soil surface. Soil aeration status was determined by measuring soil 
oxygen concentrations at 0.15-, 0.30-, 0.60-m depths in the lysimeters. Effects of water table 
depths on groundwater quality were determined by observing the movement of residual soil 
nitrate and applied metolachlor at three different depth (0.20-, 0.40-, and 0.60-m) in the soil 
profile. Water samples for nitrate and metolachlor analysis were collected on 50, 71, 92, and 
113 DAP. Measurements on different physiological parameters (photosynthesis rate, stomatal 
conductance, transpiration rate, and intercellular CO2) and leaf temperature were taken on a 
weekly basis using portable photosynthesis system (LICOR-6200). Also, the leaf chlorophyll 
content was determined weekly with SPAD-502 chlorophyll meter. 
Following conclusions are drawn firom the results of this study: 
1. Soil oxygen concentration: Soil oxygen concentration in mr samples was determined 
on percent by volume basis and dissolved oxygen in water samples was determined in ppm. 
These values were normalized by expressing them on percent saturation of soil atmosphere. 
Results of this study showed that oxygen concentrations at all sampling depths were close to 
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100% saturation before the start of WT treatments, although, at deeper soil depths, the values 
were slightly less than near the soil surface. When the WT was raised in the lysimeters, the 
oxygen concentration in the soil for shallow WT treatments was significantly lower compared 
to deeper WT treatments. Differences in oxygen concentrations at various sampling depths 
were also significant. The variation in oxygen concentrations with time for different WT 
treatments was not significant. 
2. Growth and yield of soybean: Slight differences in plant height were observed for 
different WT treatments during early part of the growing season, although these differences 
were not significant. When the plants came closer to attaining their maximum height, the 
differences in plant heights between various WT treatments became noticeable and plants 
grown under shallow depths were significantly smaller compared to deeper WT treatments. 
Shoot dry weight and seed yield of soybean were determined at the end of the growing 
season. Results showed a linear increase in both shoot dry weight and seed yield with the 
decrease in WT height. Shoot dry weight for 0.15-m WT treatment was significantly lower 
compared to 0.45-, and 0.60-m WT treatment. However, the differences between 0.15- and 
0.30-m WT treatment on shoot dry weight were not significant. Seed yield obtained at 0.15-m 
WT depth was 48% lower compared to 0.60-m WT depth. Resuhs of this study show that 
0.60-m WT treatment provides the most favorable balance between soil aeration and water 
supply for soybean grovrth. 
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3. Movement of NO3-N and Metolachlor to shallow groundwater: Results of this 
study indicate that shallow WT treatments could be used to significantly reduce nitrate and 
metolachlor leaching to the shallow ground water. Significant reductions in both NO3-N and 
metolachlor concentrations were observed by mamtaining shallow WT depths. For 0.15-m 
WT treatment, the NO3-N and metolachlor concentrations were 54 and 63%, respectively, 
lower compared to 0.60-m WT treatment. Generally, both nitrate-N and metolachlor 
concentrations decreased with the increase in soil depth for all WT treatments. Also, the 
concentrations of nitrate-N and metolachlor was found to be decreased with time (DAP). 
The analysis of drainage outflow data also supported the fact that shallow WT 
treatments can reduce the leaching of NO3-N and metolachlor to ground water. The overall 
nitrate-N concentrations for 0.15-m WT treatment were 54 % lower compared to 0.45-m WT 
treatment. In case of metolachlor, there was about 63% reduction in total losses to deeper soil 
depths by maintaining WT at 0.15-m depth below the soil surface. 
4. Physiological response of soybean: Photosynthesis rate, stomatal conductance, and 
intercellular co2 exhibited similar trends for different WT treatments. A week after the WT 
treatments were established, mean photosynthesis and stomatal conductance was significantly 
reduced with the rise in WT depth. However, the results for photosynthesis rate and stomatal 
conductance were not consistent until 72 DAP. After reaching the peak on 72 DAP, the 
photosynthesis and stomatal conductance for 0.15-m WT treatment were significantly lower 
compared to 0.6G-m WT treatment. Effect of WT depth on chlorophyll and intercellular CO2 
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was not noticed until later part of the growing season when significantly lower values of these 
parameters were observed for 0.15-m WT depth. Leaf transpiration rate was very sensitive to 
water table depth. There was about 16% decrease in transpiration rate when crop was grown 
under 0.15-m WT depth. 
Relationships between different physiological parameters were developed by using 
various regression models. The resuhs indicated that leaf temperature is a good parameter to 
predict photosynthesis rate. However, under very shallow WT conditions, the relationship 
between photosynthesis and leaf temperature is not significant. Also, strong positive 
correlation was observed between transpiration rate and stomatal conductance. 
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SUGGESTIONS FOR FUTURE WORK 
This study was conducted to investigate the effect of four shallow water table depths 
on soil oxygen concentration, groundwater quality and physiological growth of soybean. The 
soil oxygen concentration was determined by using a technique developed by Mukhtar (1989), 
consisting of an atmosphere-access chamber, dual-action syringe assembly, and a sample 
analysis reservoir. From the results of this study, it is difiBcult to ascertain whether the oxygen 
concentration of the soil atmosphere occupied by access-chamber represents the true oxygen 
concentration of the surrounding soil mass. Therefore, an attempt should be made to 
determine if the oxygen concentrations measured in the access-chambers truly represent those 
in soil pores. 
The present study was conducted in the growth chambers using lysimeters. Although, 
efforts were made to keep the inside environment of growth chambers as close to the field 
conditions as possible but still differences exist between the two. Therefore, it is suggested 
that this study should be repeated in the field to verify the resuhs. 
The results of this study show that water table management (WTM) systems could be 
used to reduce the leaching of nitrate and metolachlor to shallow ground water. Similar 
experiments could be conducted for other agricultural chemicals to investigate if WTM 
systems are equally beneficial in controlling their losses to groundwater. In this study, data on 
drainage outflow was collected at the end of WT treatment period. By the time the water 
samples from drainage outflow were collected (on 113 DAP), most of the NOj-N and 
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metolachlor might have been lost or biodegraded from the system. Studied should be 
conducted in the field and water samples from drainage outflow should be collected 
throughout the growing season to evaluate the effectiveness of WTM in reducing chemical 
losses to subsurface drainage systems. 
In the present study, the effects of shallow water table depths on some physiological 
parameters of soybean were determined but it does not provide any information on which 
growth stage of soybean was most susceptible to water table depth. A future study should be 
conducted to determine the eflfect of various WTM systems on different growth stages of 
soybean. 
In this study, water tables were maintamed at 0.15-, 0.30-, 0.45-, and 0.60-m below 
the soil surface. Under the WT treatments of this study, the yield of soybean was found to be 
increased linearly with the increase in WT depth. The effects of water tables deeper than 0.60-
m on the growth and yield of soybean were not determined in this study. Further 
investigations needs to be carried out to see the effects of deeper water depths on growth and 
yield parameters of soybean. 
Water tables, in this study, were held constant from 37 to 113 DAP. Under the field 
conditions, water tables keep fluctuating during the growing season. Thus, experiments needs 
to be carried out under fluctuating water table conditions to see if resuUs for different 
parameters remain similar to those observed for constant water tables. 
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The soil used in the present study was Nicollet loam of the Clarion-Nicollet-Webster soil 
association. Similar experiments could be conducted on different soil types to investigate the 
validity of results from this study for different locations. 
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Table A1: Soil oxygen concentration (% saturation) at three soil depths for different 
water table treatments during the growing season 
NO CHA DAP REP TRT DEP O2 
CON 
NO CHIA DAP REP TRT DEP O2 
(% sat.) 
1 G1 37 R1 T1 D1 98.5 44 G2 37 R4 T3 D2 98.4 
2 G1 37 R1 T1 D2 100.0 45 G2 37 R4 T3 D3 96.0 
3 G1 37 R1 T1 D3 97.0 46 G2 37 R4 T4 D1 96.9 
4 G1 37 R1 T2 D1 96.5 47 G2 37 R4 T4 D2 96.1 
5 G1 37 R1 T2 D2 99.0 48 G2 37 R4 T4 D3 97.5 
6 G1 37 R1 T2 D3 95.5 49 G1 44 R1 T1 D1 24.1 
7 G1 37 R1 T3 D1 99.5 50 G1 44 R1 T1 D2 19.5 
8 G1 37 R1 T3 D2 99.5 51 G1 44 R1 T1 D3 16.1 
9 G1 37 R1 T3 D3 94.1 52 G1 44 R1 T2 D1 93.6 
10 G1 37 R1 T4 D1 99.5 53 G1 44 R1 T2 D2 24.1 
11 G1 37 R1 T4 D2 98.0 54 G1 44 R1 T2 D3 19.5 
12 G1 37 R1 T4 D3 95.0 55 G1 44 R1 T3 D1 100.0 
13 G1 37 R2 T1 D1 99.0 56 G1 44 R1 T3 D2 92.6 
14 G1 37 R2 T1 D2 99.0 57 G1 44 R1 T3 D3 20.7 
15 G1 37 R2 T1 D3 96.0 58 GI 44 R1 T4 D1 100.0 
16 G1 37 R2 T2 D1 97.5 59 G1 44 R1 T4 D2 100.0 
17 G1 37 R2 T2 D2 100.0 60 Gl 44 R1 T4 D3 23.0 
18 G1 37 R2 T2 D3 95.0 61 Gl 44 R2 T1 D1 21.8 
19 G1 37 R2 T3 D1 100.0 62 Gl 44 R2 T1 D2 16.1 
20 G1 37 R2 T3 D2 99.5 63 Gl 44 R2 T1 D3 12.6 
21 G1 37 R2 T3 D3 96.5 64 Gl 44 R2 T2 D1 92.6 
22 G1 37 R2 T4 D1 100.0 65 Gl 44 R2 T2 D2 20.7 
23 G1 37 R2 T4 D2 96.5 66 Gl 44 R2 T2 D3 14.9 
24 G1 37 R2 T4 D3 96.0 67 Gl 44 R2 T3 D1 98.0 
25 G2 37 R3 T1 D1 96.5 68 Gl 44 R2 T3 D2 91.6 
26 G2 37 R3 T1 D2 99.5 69 Gl 44 R2 T3 D3 17.2 
27 G2 37 R3 T1 D3 96.5 70 Gl 44 R2 T4 D1 100.0 
28 G2 37 R3 T2 D1 98.5 71 Gl 44 R2 T4 D2 98.0 
29 G2 37 R3 T2 D2 97.0 72 Gl 44 R2 T4 D3 21.8 
30 G2 37 R3 T2 D3 93.1 73 G2 44 R3 T1 D1 19.5 
31 G2 37 R3 T3 D1 100.0 74 G2 44 R3 T1 D2 17.2 
32 G2 37 R3 T3 D2 98.0 75 G2 44 R3 T1 D3 14.9 
33 G2 37 R3 T3 D3 95.5 76 G2 44 R3 T2 D1 91.1 
34 G2 37 R3 T4 D1 99.0 77 G2 44 R3 T2 D2 19.5 
35 G2 37 R3 T4 D2 95.5 78 G2 44 R3 T2 D3 16.1 
36 G2 37 R3 T4 D3 95.5 79 G2 44 R3 T3 D1 98.5 
37 G2 37 R4 T1 D1 98.0 80 G2 44 R3 T3 D2 89.6 
38 G2 37 R4 T1 D2 99.5 81 G2 44 R3 T3 D3 17.2 
39 G2 37 R4 T1 D3 96.5 82 G2 44 R3 T4 D1 100.0 
40 G2 37 R4 T2 D1 98.2 83 G2 44 R3 T4 D2 99.0 
41 G2 37 R4 T2 D2 98.0 84 G2 44 R3 T4 D3 18.4 
42 G2 37 R4 T2 D3 96.5 85 G2 44 R4 T1 D1 17.2 
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Table Al: (Continued) 
NO CHA DAP REP TRT DEP 0: 
CON 
NO CHA DAP REP TRT DEP O2 
(% sat.) 
175 G2 58 R3 T3 Dl 97.0 219 02 65 R3 T1 D3 17.2 
176 G2 58 R3 T3 D2 93.1 220 02 65 R3 T2 Dl 88.1 
177 G2 58 R3 T3 D3 16.1 221 02 65 R3 T2 D2 17.2 
178 02 58 R3 T4 Dl 96.5 222 02 65 R3 T2 D3 19.5 
179 G2 58 R3 T4 D2 100.0 223 02 65 R3 T3 Dl 95.0 
180 G2 58 R3 T4 D3 16.1 224 02 65 R3 T3 D2 90.6 
181 G2 58 R4 T1 Dl 16.1 225 02 65 R3 T3 D3 20.7 
182 G2 58 R4 T1 D2 20.7 226 02 65 R3 T4 Dl 97.5 
183 G2 58 R4 T1 D3 13.8 227 02 65 R3 T4 D2 92.1 
184 02 58 R4 T2 Dl 93.6 228 02 65 R3 T4 D3 20.7 
185 02 58 R4 T2 D2 14.9 229 02 65 R4 T1 Dl 23.0 
186 02 58 R4 T2 D3 14.9 230 02 65 R4 T1 D2 17.2 
187 02 58 R4 T3 Dl 93.6 231 02 65 R4 T1 D3 16.1 
188 02 58 R4 T3 D2 94.1 232 02 65 R4 T2 Dl 90.1 
189 02 58 R4 T3 D3 18.4 233 02 65 R4 T2 D2 24.1 
190 02 58 R4 T4 Dl 100.0 234 02 65 R4 T2 D3 12.6 
191 02 58 R4 T4 D2 100.0 235 02 65 R4 T3 Dl 95.5 
192 02 58 R4 T4 D3 24.1 236 02 65 R4 T3 D2 92.6 
193 01 65 R1 T1 Dl 26.4 237 02 65 R4 T3 D3 21.8 
194 01 65 R1 T1 D2 13.8 238 02 65 R4 T4 Dl 99.0 
195 01 65 R1 T1 D3 16.1 239 02 65 R4 T4 D2 98.5 
196 01 65 R1 T2 Dl 92.6 240 02 65 R4 T4 D3 19.5 
197 01 65 R1 T2 D2 21.8 241 01 72 R1 T1 Dl 25.3 
198 01 65 R1 T2 D3 18.4 242 01 72 R1 T1 D2 13.8 
199 01 65 R1 T3 Dl 99.5 243 01 72 R1 T1 D3 17.2 
200 01 65 R1 T3 D2 91.6 244 01 72 R1 T2 Dl 96.0 
201 01 65 R1 T3 D3 13.8 245 01 72 R1 12 D2 14.9 
202 01 65 R1 T4 Dl 96.0 246 01 72 R1 T2 D3 20.7 
203 01 65 R1 T4 D2 100.0 247 01 72 R1 T3 Dl 100.0 
204 01 65 R1 T4 D3 24.1 248 01 72 R1 T3 D2 95.0 
205 01 65 R2 T1 Dl 20.7 249 01 72 R1 T3 D3 25.3 
206 01 65 R2 T1 D2 19.5 250 01 72 R1 14 Dl 98.5 
207 01 65 R2 T1 D3 19.5 251 01 72 R1 14 D2 96.5 
208 01 65 R2 T2 Dl 89.6 252 01 72 R1 14 D3 26.4 
209 Ol 65 R2 T2 D2 14.9 253 G1 72 R2 T1 Dl 28.7 
210 01 65 R2 T2 D3 13.8 254 01 72 R2 T1 D2 18.4 
211 01 65 R2 T3 Dl 96.0 255 01 72 R2 T1 D3 13.8 
212 01 65 R2 T3 D2 93.6 256 01 72 R2 T2 Dl 93.1 
213 01 65 R2 T3 D3 17.2 257 01 72 R2 12 D2 21.8 
214 01 65 R2 T4 Dl 99.5 258 01 72 R2 12 D3 14.9 
215 01 65 R2 T4 D2 99.5 259 01 72 R2 T3 Dl 100.0 
216 01 65 R2 T4 D3 23.0 260 01 72 R2 T3 D2 96.5 
217 02 65 R3 T1 Dl 17.2 261 01 72 R2 T3 D3 24.1 
218 02 65 R3 T1 D2 18.4 262 01 72 R2 14 Dl 100.0 
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Table Al: (Continued) 
NO CHA DAP REP TRT DEP O2 
CON 
NO CHA DAP REP TRT DEP O2 
(% sat.) 
263 G1 72 R2 T4 D2 100.0 307 01 79 R2 T3 D1 98.0 
264 G1 72 R2 T4 D3 23.0 308 01 79 R2 T3 D2 89.6 
265 G2 72 R3 T1 D1 19.5 309 01 79 R2 T3 D3 14.9 
266 02 72 R3 T1 D2 16.1 310 01 79 R2 T4 D1 99.5 
267 02 72 R3 T1 D3 12.6 311 01 79 R2 T4 D2 96.5 
268 02 72 R3 T2 D1 91.1 312 01 79 R2 T4 D3 28.7 
269 02 72 R3 T2 D2 17.2 313 02 79 R3 T1 D1 21.8 
270 02 72 R3 T2 D3 16.1 314 02 79 R3 T1 D2 18.4 
271 02 72 R3 T3 D1 98.0 315 02 79 R3 T1 D3 12.6 
272 02 72 R3 T3 D2 91.1 316 02 79 R3 T2 D1 90.1 
273 02 72 R3 T3 D3 17.2 317 02 79 R3 T2 D2 20.7 
274 02 72 R3 T4 D1 100.0 318 02 79 R3 T2 D3 12.6 
275 02 72 R3 T4 D2 97.0 319 02 79 R3 T3 D1 95.5 
276 02 72 R3 T4 D3 20.7 320 02 79 R3 T3 D2 88.6 
277 02 72 R4 T1 D1 13.8 321 02 79 R3 T3 D3 21.8 
278 02 72 R4 T1 D2 16.1 322 02 79 R3 T4 D1 100.0 
279 02 72 R4 T1 D3 11.5 323 02 79 R3 T4 D2 93.1 
280 02 72 R4 T2 D1 94.1 324 02 79 R3 T4 D3 18.4 
281 02 72 R4 T2 D2 19.5 325 02 79 R4 T1 D1 23.0 
282 02 72 R4 T2 D3 17.2 326 02 79 R4 T1 D2 21.8 
283 02 72 R4 T3 D1 100.0 327 02 79 R4 T1 D3 11.5 
284 02 72 R4 T3 D2 89.6 328 02 79 R4 T2 D1 92.1 
285 02 72 R4 T3 D3 11.5 329 02 79 R4 T2 D2 20.7 
286 02 72 R4 T4 D1 99.5 330 02 79 R4 T2 D3 16.1 
287 02 72 R4 T4 D2 98.5 331 02 79 R4 T3 D1 95.0 
288 02 72 R4 T4 D3 21.8 332 02 79 R4 T3 D2 89.1 
289 01 79 R1 T1 D1 24.1 333 02 79 R4 T3 D3 19.5 
290 01 79 R1 T1 D2 21.8 334 02 79 R4 T4 D1 98.5 
291 01 79 R1 T1 D3 14.9 335 02 79 R4 T4 D2 92.1 
292 01 79 R1 T2 D1 90.6 336 02 79 R4 T4 D3 14.9 
293 01 79 R1 T2 D2 26.4 337 01 86 R1 T1 D1 21.8 
294 01 79 R1 T2 D3 13.8 338 01 86 R1 T1 D2 21.8 
295 01 79 R1 T3 D1 99.5 339 01 86 R1 T1 D3 17.2 
296 01 79 R1 T3 D2 91.1 340 01 86 R1 T2 D1 89.6 
297 01 79 R1 T3 D3 17.2 341 01 86 R1 T2 D2 23.0 
298 01 79 R1 T4 D1 100.0 342 01 86 R1 T2 D3 19.5 
299 01 79 R1 T4 D2 98.5 343 01 86 R1 T3 D1 95.0 
300 01 79 R1 T4 D3 25.3 344 01 86 R1 T3 D2 94.6 
301 01 79 R2 T1 D1 27.6 345 01 86 R1 T3 D3 16.1 
302 01 79 R2 T1 D2 16.1 346 01 86 R1 T4 D1 100.0 
303 01 79 R2 T1 D3 16.1 347 01 86 R1 T4 D2 100.0 
304 01 79 R2 T2 D1 93.6 348 01 86 R1 T4 D3 20.7 
305 01 79 R2 T2 D2 24.1 349 01 86 R2 T1 D1 24.1 
306 01 79 R2 T2 D3 17.2 350 01 86 R2 T1 D2 16.1 
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Table A1: (Continued) 
NO CHA DAP REP TRT DEP O2 
CON 
NO CHA DAP REP TRT DEP O2 
(% sat.) 
351 G1 86 R2 TI D3 19.5 395 Gl 93 R1 T4 D2 100.0 
352 GI 86 R2 T2 D1 91.6 396 Gl 93 R1 T4 D3 20.7 
353 G1 86 R2 T2 D2 24.1 397 Gl 93 R2 Tl D1 24.1 
354 01 86 R2 T2 D3 17.2 398 Gl 93 R2 Tl D2 13.8 
355 Gl 86 R2 T3 D1 97.0 399 Gl 93 R2 Tl D3 12.6 
356 Gl 86 R2 T3 D2 92.6 400 Gl 93 R2 T2 D1 90.1 
357 Gl 86 R2 T3 D3 13.8 401 Gl 93 R2 T2 D2 14.9 
358 Gl 86 R2 T4 D1 100.0 402 Gl 93 R2 T2 D3 14.9 
359 Gl 86 R2 T4 D2 98.5 403 Gl 93 R2 T3 D1 97.0 
360 Gl 86 R2 T4 D3 17.2 404 Gl 93 R2 T3 D2 91.1 
361 G2 86 R3 Tl D1 17.2 405 Gl 93 R2 T3 D3 24.1 
362 G2 86 R3 Tl D2 18.4 406 Gl 93 R2 T4 D1 97.5 
363 G2 86 R3 Tl D3 14.9 407 Gl 93 R2 T4 D2 99.0 
364 G2 86 R3 T2 D1 90.6 408 Gl 93 R2 T4 D3 17.2 
365 G2 86 R3 T2 D2 18.4 409 G2 93 R3 Tl D1 21.8 
366 G2 86 R3 T2 D3 21.8 410 G2 93 R3 Tl D2 14.9 
367 G2 86 R3 T3 D1 93.1 411 G2 93 R3 Tl D3 18.4 
368 G2 86 R3 T3 D2 96.5 412 G2 93 R3 T2 D1 91.1 
369 G2 86 R3 T3 D3 18.4 413 G2 93 R3 T2 D2 20.7 
370 G2 86 R3 T4 D1 96.5 414 G2 93 R3 T2 D3 13.8 
371 G2 86 R3 T4 D2 99.5 415 G2 93 R3 T3 D1 96.0 
372 G2 86 R3 T4 D3 14.9 416 G2 93 R3 T3 D2 90.6 
373 G2 86 R4 Tl D1 14.9 417 G2 93 R3 T3 D3 18.4 
374 G2 86 R4 Tl D2 17.2 418 G2 93 R3 T4 D1 96.5 
375 G2 86 R4 Tl D3 12.6 419 G2 93 R3 T4 D2 98.0 
376 G2 86 R4 T2 D1 92.6 420 G2 93 R4 T4 D3 16.1 
377 G2 86 R4 T2 D2 17.2 421 G2 93 R4 Tl D1 20.7 
378 G2 86 R4 T2 D3 14.9 422 G2 93 R4 Tl D2 17.2 
379 G2 86 R4 T3 D1 99.0 423 G2 93 R4 Tl D3 16.1 
380 G2 86 R4 T3 D2 96.5 424 G2 93 R4 T2 D1 96.0 
381 G2 86 R4 T3 D3 20.7 425 G2 93 R4 T2 D2 19.5 
382 G2 86 R4 T4 D1 97.5 426 G2 93 R4 T2 D3 18.4 
383 G2 86 R4 T4 D2 100.0 427 G2 93 R4 T3 D1 94.6 
384 G2 86 R4 T4 D3 25.3 428 G2 93 R4 T3 D2 91.1 
385 Gl 93 R1 Tl D1 16.1 429 G2 93 R4 T3 D3 14.9 
386 Gl 93 R1 Tl D2 18.4 430 G2 93 R4 T4 D1 96.5 
387 Gl 93 R1 Tl D3 12.6 431 G2 93 R4 T4 D2 97.0 
388 Gl 93 R1 T2 D1 95.0 432 G2 93 R4 T4 D3 19.5 
389 Gl 93 R1 T2 D2 13.8 433 Gl 100 R1 Tl D1 17.2 
390 Gl 93 R1 T2 D3 17.2 434 Gl 100 R1 Tl D2 17.2 
391 Gl 93 R1 T3 D1 98.5 435 Gl 100 R1 Tl D3 13.8 
392 Gl 93 R1 T3 D2 93.6 436 Gl 100 R1 T2 D1 91.6 
393 Gl 93 R1 T3 D3 25.3 437 Gl 100 R1 T2 D2 17.2 
394 Gl 93 R1 T4 D1 99.5 438 Gl 100 R1 T2 D3 11.5 
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Table Al: (Continued) 
NO CHA DAP REP TRT DEP O2 
CON 
NO CHA DAP REP TRT DEP O2 
(% sat.) 
439 G1 100 R1 T3 D1 96.5 483 G1 107 R1 Tl 03 14.9 
440 G1 100 R1 T3 D2 93.6 484 G1 107 R1 T2 01 95.5 
441 G1 100 R1 T3 D3 18.4 485 G1 107 R1 T2 02 21.8 
442 G1 100 R1 T4 D1 100.0 486 G1 107 R1 T2 03 13.8 
443 G1 100 R1 T4 D2 95.5 487 G1 107 R1 T3 01 99.5 
444 G1 100 R1 T4 D3 21.8 488 G1 107 R1 T3 02 89.6 
445 G1 100 R2 T1 01 21.8 489 G1 107 R1 T3 03 20.7 
446 G1 100 R2 T1 D2 14.9 490 G1 107 R1 T4 01 99.5 
447 G1 100 R2 T1 D3 12.6 491 G1 107 R1 T4 02 99.5 
44S G1 100 R2 T2 D1 93.1 492 G1 107 R1 T4 03 24.1 
449 G1 100 R2 T2 D2 18.4 493 G1 107 R2 Tl 01 26.4 
450 G1 100 R2 T2 03 14.9 494 G1 107 R2 Tl 02 18.4 
451 G1 100 R2 T3 D1 95.5 495 G1 107 R2 Tl 03 12.6 
452 G1 100 R2 T3 D2 90.6 496 G1 107 R2 T2 01 92.1 
453 G1 100 R2 T3 D3 14.9 497 G1 107 R2 T2 02 20.7 
454 G1 100 R2 T4 01 100.0 498 G1 107 R2 T2 03 17.2 
455 G1 100 R2 T4 02 98.5 499 G1 107 R2 T3 01 100.0 
456 G1 100 R2 T4 03 17.2 500 G1 107 R2 T3 02 90.6 
457 G2 100 R3 T1 01 18.4 501 G1 107 R2 T3 03 17.2 
458 G2 100 R3 T1 02 20.7 502 G1 107 R2 T4 01 99.0 
459 G2 100 R3 T1 03 11.5 503 G1 107 R2 T4 02 96.5 
460 G2 100 R3 T2 01 95.5 504 G1 107 R2 T4 03 20.7 
461 G2 100 R3 T2 02 19.5 505 G2 107 R3 Tl 01 17.2 
462 G2 100 R3 T2 03 12.6 506 G2 107 R3 Tl 02 16.1 
463 G2 100 R3 T3 01 100.0 507 G2 107 R3 Tl 03 13.8 
464 G2 100 R3 T3 02 91.6 508 G2 107 R3 T2 01 93.6 
465 G2 100 R3 T3 03 17.2 509 G2 107 R3 T2 02 25.3 
466 G2 100 R3 T4 01 98.5 510 G2 107 R3 T2 03 16.1 
467 G2 100 R3 T4 02 96.0 511 G2 107 R3 T3 01 98.5 
468 G2 100 R3 T4 03 14.9 512 G2 107 R3 T3 02 93.6 
469 G2 100 R4 T1 oi 20.7 513 G2 107 R3 T3 D3 13.8 
470 G2 100 R4 Tl 02 16.1 514 G2 107 R3 T4 D1 100.0 
471 G2 100 R4 T1 03 12.6 515 G2 107 R3 T4 02 97.5 
472 G2 100 R4 T2 01 94.1 516 G2 107 R3 T4 03 21.8 
473 G2 100 R4 T2 02 23.0 517 G2 107 R4 Tl D1 18.4 
474 G2 100 R4 T2 03 11.5 518 G2 107 R4 Tl 02 13.8 
475 G2 100 R4 T3 D1 100.0 519 G2 107 R4 Tl 03 13.8 
476 G2 100 R4 T3 02 94.6 520 G2 107 R4 T2 01 93.1 
477 G2 100 R4 T3 03 13.8 521 G2 107 R4 T2 02 19.5 
478 G2 100 R4 T4 D1 99.0 522 G2 107 R4 T2 D3 12.6 
479 G2 100 R4 T4 02 96.0 523 G2 107 R4 T3 01 100.0 
480 G2 100 R4 T4 D3 28.7 524 G2 107 R4 T3 D2 90.6 
481 G1 107 R1 Tl 01 25.3 525 G2 107 R4 T3 D3 17.2 
482 G1 107 R1 Tl 02 20.7 526 G2 107 R4 T4 01 100.0 
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Table Al; (Continued) 
NO CHA DAP REP TRT DEP O2 NO CHA DAP REP TRT DEP O2 
CON (% sat.) 
527 G2 107 R4 14 D2 94.6 571 G2 114 R4 T3 Dl 94.3 
528 02 107 R4 T4 D3 20.7 572 02 114 R4 T3 D2 97.0 
529 01 114 Rl Tl Dl 97.0 573 02 114 R4 T3 D3 93.6 
530 01 114 Rl Tl D2 99.0 574 02 114 R4 T4 Dl 97.2 
531 01 114 Rl Tl D3 96.5 575 02 114 R4 T4 D2 100.0 
532 01 114 Rl T2 Dl 97.5 576 02 114 R4 T4 D3 89.1 
533 01 114 Rl T2 D2 96.5 CHA = Growth chamber; DAP = days after planting; 
534 01 114 Rl T2 D3 94.6 REP = Replication; TRT = Treatment; DEP = Sampl­
535 01 114 Rl T3 Dl 95.1 ing depth; 01, 02 = Growth chamber 1 and 2; Rl, R2, 
536 01 114 Rl T3 D2 97.0 R3, R4 = Replications; Tl, T2, T3, T4 = 0.15-, 0.30-, 
537 01 114 Rl T3 D3 95.5 0.45-, and 0.60-m WT treatments, respectively; Dl, 
538 01 114 Rl T4 Dl 99.0 D2, D3, = 0.15-, 0.30-, and 0.60-m sampling depths. 
539 01 114 Rl T4 D2 99.5 respectively. 
540 01 114 Rl T4 D3 95.1 
541 01 114 R2 Tl Dl 96.0 
542 01 114 R2 Tl D2 99.5 
543 01 114 R2 Tl D3 96.0 
544 01 114 R2 T2 Dl 95.5 
545 01 114 R2 T2 D2 96.5 
546 01 114 R2 T2 D3 96.0 
547 01 114 R2 T3 Dl 93.6 
548 01 114 R2 T3 D2 95.5 
549 01 114 R2 T3 D3 96.0 
550 01 114 R2 T4 Dl 96.5 
551 01 114 R2 T4 D2 98.0 
552 01 114 R2 T4 D3 95.5 
553 02 114 R3 Tl Dl 96.5 
554 02 114 R3 Tl D2 98.0 
555 02 114 R3 Tl D3 96.0 
556 02 114 R3 T2 Dl 94.1 
557 02 114 R3 T2 D2 97.0 
558 02 114 R3 T2 D3 97.0 
559 02 114 R3 T3 Dl 94.1 
560 02 114 R3 T3 D2 96.5 
561 02 114 R3 T3 D3 93.1 
562 02 114 R3 T4 Dl 98.0 
563 02 114 R3 T4 D2 98.5 
564 02 114 R3 T4 D3 96.5 
565 02 114 R4 Tl Dl 96.5 
566 02 114 R4 Tl D2 97.5 
567 02 114 R4 Tl D3 95.5 
568 02 114 R4 T2 Dl 94.4 
569 02 114 R4 T2 D2 98.0 
570 02 114 R4 T2 D3 98.5 
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Table A2; Raw data on plant height (m) under different water table treatments 
NO CHA DAP REP TRT PLT PLHT NO CHA DAP REP TRT PLT HT(m) 
1 G1 37 R1 T1 PI 0.30 46 G2 37 R3 T4 P2 0.31 
2 G1 37 R1 T1 P2 0.31 47 G2 37 R3 T4 P3 0.32 
3 G1 37 R1 T1 P3 0.30 48 G2 37 R3 T4 P4 0.33 
4 G1 37 R1 T1 P4 0.29 49 G2 37 R4 T1 PI 0.32 
5 G1 37 R1 T2 PI 0.35 50 G2 37 R4 T1 P2 0.31 
6 G1 37 R1 T2 P2 0.36 51 G2 37 R4 T1 P3 0.32 
7 G1 37 R1 T2 P3 0.33 52 G2 37 R4 T1 P4 0.33 
8 G1 37 R1 T2 P4 0.36 53 G2 37 R4 T2 PI 0.36 
9 G1 37 R1 T3 PI 0.31 54 G2 37 R4 T2 P2 0.32 
10 G1 37 R1 T3 P2 0.28 55 G2 37 R4 T2 P3 0.33 
11 G1 37 R1 T3 P3 0.32 56 G2 37 R4 T2 P4 0.35 
12 G1 37 R1 T3 P4 0.29 57 G2 37 R4 T3 PI 0.36 
13 G1 37 R1 T4 PI 0.32 58 G2 37 R4 T3 P2 0.32 
14 G1 37 R1 T4 P2 0.30 59 G2 37 R4 T3 P3 0.30 
15 G1 37 R1 T4 P3 0.31 60 G2 37 R4 T3 P4 0.38 
16 G1 37 R1 T4 P4 0.31 61 G2 37 R4 T4 PI 0.36 
17 G1 37 R2 T1 PI 0.31 62 G2 37 R4 T4 P2 0.30 
IS G1 37 R2 T1 P2 0.33 63 G2 37 R4 T4 P3 0.34 
19 G1 37 R2 T1 P3 0.30 64 G2 37 R4 T4 P4 0.40 
20 G1 37 R2 T1 P4 0.34 65 G1 44 R1 T1 PI 0.45 
21 G1 37 R2 T2 PI 0.36 66 G1 44 R1 T1 P2 0.47 
22 G1 37 R2 T2 P2 0.34 67 G1 44 R1 T1 P3 0.49 
23 G1 37 R2 T2 P3 0.35 68 G1 44 R1 T1 P4 0.51 
24 G1 37 R2 T2 P4 0.35 69 G1 44 R1 T2 PI 0.52 
25 G1 37 R2 T3 PI 0.27 70 G1 44 R1 T2 P2 0.48 
26 G1 37 R2 T3 P2 0.29 71 G1 44 R1 T2 P3 0.50 
27 G1 37 R2 T3 P3 0.30 72 G1 44 R1 T2 P4 0.46 
28 G1 37 R2 T3 P4 0.26 73 G1 44 R1 T3 PI 0.58 
29 G1 37 R2 T4 PI 0.32 74 G1 44 R1 T3 P2 0.52 
30 G1 37 R2 T4 P2 0.35 75 G1 44 R1 T3 P3 0.50 
31 G1 37 R2 T4 P3 0.33 76 G1 44 R1 T3 P4 0.64 
32 G1 37 R2 T4 P4 0.36 77 G1 44 R1 T4 PI 0.53 
33 G2 37 R3 T1 PI 0.36 78 G1 44 R1 T4 P2 0.50 
34 G2 37 R3 T1 P2 0.34 79 G1 44 R1 T4 P3 0.52 
35 G2 37 R3 T1 P3 0.35 80 G1 44 R1 T4 P4 0.49 
36 G2 37 R3 T1 P4 0.31 81 G1 44 R2 T1 PI 0.56 
37 G2 37 R3 T2 PI 0.31 82 G1 44 R2 T1 P2 0.51 
38 G2 37 R3 T2 P2 0.33 83 G1 44 R2 T1 P3 0.53 
39 G2 37 R3 T2 P3 0.32 84 G1 44 R2 T1 P4 0.52 
40 G2 37 R3 T2 P4 0.32 85 G1 44 R2 T2 PI 0.50 
41 G2 37 R3 T3 PI 0.33 86 G1 44 R2 T2 P2 0.49 
42 G2 37 R3 T3 P2 0.34 87 G1 44 R2 T2 P3 0.46 
43 G2 37 R3 T3 P3 0.31 88 G1 44 R2 T2 P4 0.43 
44 G2 37 R3 T3 P4 0.30 89 G1 44 R2 T3 PI 0.52 
45 G2 37 R3 T4 PI 0.32 90 G1 44 R2 T3 P2 0.50 
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Table A2: (Continued) 
NO CHA DAP REP TRT PLT PLHT NO CHA DAP REP TRT PLT HT(m) 
91 G1 44 R2 T3 P3 0.56 136 01 51 R1 T2 P4 0.76 
92 G1 44 R2 T3 P4 0.58 137 01 51 R1 T3 PI 0.75 
93 G1 44 R2 T4 PI 0.55 138 01 51 R1 T3 P2 0.71 
94 01 44 R2 T4 P2 0.58 139 01 51 R1 T3 P3 0.72 
95 01 44 R2 T4 P3 0.51 140 01 51 R1 T3 P4 0.78 
96 01 44 R2 T4 P4 0.52 141 01 51 R1 T4 PI 0.68 
97 02 44 R3 T1 PI 0.53 142 01 51 R1 T4 P2 0.72 
98 02 44 R3 T1 P2 0.51 143 01 51 R1 T4 P3 0.70 
99 02 44 R3 T1 P3 0.47 144 01 51 R1 T4 P4 0.70 
100 02 44 R3 T1 P4 0.49 145 01 51 R2 T1 PI 0.65 
101 02 44 R3 T2 PI 0.52 146 01 51 R2 T1 P2 0.67 
102 02 44 R3 T2 P2 0.51 147 01 51 R2 T1 P3 0.69 
103 02 44 R3 T2 P3 0.53 148 01 51 R2 T1 P4 0.71 
104 02 44 R3 T2 P4 0.52 149 01 51 R2 T2 PI 0.67 
105 02 44 R3 T3 PI 0.54 150 01 51 R2 T2 P2 0.66 
106 02 44 R3 T3 P2 0.52 151 01 51 R2 T2 P3 0.62 
107 02 44 R3 T3 P3 0.51 152 01 51 R2 T2 P4 0.61 
lOS 02 44 R3 T3 P4 0.51 153 01 51 R2 T3 PI 0.64 
109 02 44 R3 T4 PI 0.58 154 01 51 R2 T3 P2 0.66 
110 02 44 R3 T4 P2 0.54 155 01 51 R2 T3 P3 0.63 
111 02 44 R3 T4 P3 0.56 156 01 51 R2 T3 P4 0.67 
112 02 44 R3 T4 P4 0.60 157 01 51 R2 T4 PI 0.78 
113 02 44 R4 T1 PI 0.45 158 01 51 R2 T4 P2 0.72 
114 02 44 R4 T1 P2 0.48 159 01 51 R2 T4 P3 0.74 
115 02 44 R4 T1 P3 0.51 160 01 51 R2 T4 P4 0.80 
116 02 44 R4 T1 P4 0.52 161 02 51 R3 T1 PI 0.75 
117 02 44 R4 T2 PI 0.61 162 02 51 R3 T1 P2 0.72 
118 02 44 R4 T2 P2 0.52 163 02 51 R3 T1 P3 0.71 
119 02 44 R4 T2 P3 0.53 164 02 51 R3 T1 P4 0.74 
120 02 44 R4 T2 P4 0.58 165 02 51 R3 T2 PI 0.62 
121 02 44 R4 T3 PI 0.52 166 02 51 R3 T2 P2 0.60 
122 02 44 R4 T3 P2 0.50 167 02 51 R3 T2 P3 0.58 
123 02 44 R4 T3 P3 0.48 168 02 51 R3 T2 P4 0.64 
124 02 44 R4 T3 P4 0.50 169 02 51 R3 T3 PI 0.71 
125 02 44 R4 T4 PI 0.65 170 02 51 R3 T3 P2 0.72 
126 02 44 R4 T4 P2 0.62 171 02 51 R3 T3 P3 0.67 
127 02 44 R4 T4 P3 0.60 172 02 51 R3 T3 P4 0.70 
128 02 44 R4 T4 P4 0.61 173 02 51 R3 T4 PI 0.74 
129 01 51 R1 T1 PI 0.65 174 02 51 R3 T4 P2 0.70 
130 01 51 R1 T1 P2 0.62 175 02 51 R3 T4 P3 0.75 
131 01 51 R1 T1 P3 0.64 176 02 51 R3 T4 P4 0.69 
132 01 51 R1 T1 P4 0.57 177 02 51 R4 T1 PI 0.62 
133 01 51 R1 T2 PI 0.70 178 02 51 R4 T1 P2 0.66 
134 01 51 R1 T2 P2 0.72 179 02 51 R4 T1 P3 0.64 
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Table A2: (Continued) 
NO CHA DAP REP TRT PLT PLHT NO CHA DAP REP TRT PLT HT(m) 
361 G2 72 R3 T3 PI 0.95 406 01 79 R2 T2 P2 0.84 
362 02 72 R3 T3 P2 0.90 407 01 79 R2 T2 P3 0.86 
363 02 72 R3 T3 P3 0.93 408 01 79 R2 T2 P4 0.86 
364 02 72 R3 T3 P4 0.98 409 01 79 R2 T3 PI 0.90 
365 02 72 R3 T4 PI 0.94 410 01 79 R2 T3 P2 0.92 
366 02 72 R3 T4 P2 0.93 411 01 79 R2 T3 P3 0.93 
367 02 72 R3 T4 P3 0.90 412 01 79 R2 T3 P4 0.97 
368 02 72 R3 T4 P4 1.03 413 01 79 R2 T4 PI 1.00 
369 02 72 R4 T1 PI 0.84 414 01 79 R2 T4 P2 0.94 
370 02 72 R4 T1 P2 0.86 415 01 79 R2 T4 P3 1.02 
371 02 72 R4 T1 P3 0.85 416 01 79 R2 T4 P4 0.96 
372 02 72 R4 T1 P4 0.85 417 02 79 R3 T1 PI 0.93 
373 02 72 R4 T2 PI 1.03 418 02 79 R3 T1 P2 0.97 
374 02 72 R4 T2 P2 0.97 419 02 79 R3 T1 P3 0.99 
375 02 72 R4 T2 P3 0.97 420 02 79 R3 T1 P4 0.91 
376 02 72 R4 T2 P4 0.95 421 02 79 R3 T2 PI 0.91 
377 02 72 R4 T3 PI 0.96 422 02 79 R3 T2 P2 0.95 
378 02 72 R4 T3 P2 0.93 423 02 79 R3 T2 P3 0.90 
379 02 72 R4 T3 P3 0.96 424 02 79 R3 T2 P4 1.04 
380 02 72 R4 T3 P4 0.95 425 G2 79 R3 T3 PI 0.94 
381 02 72 R4 T4 PI 1.02 426 02 79 R3 T3 P2 0.92 
382 02 72 R4 T4 P2 1.00 427 02 79 R3 T3 P3 0.93 
383 02 72 R4 T4 P3 0.99 428 02 79 R3 T3 P4 0.97 
384 02 72 R4 T4 P4 1.11 429 02 79 R3 T4 PI 0.91 
385 01 79 R1 T1 PI 0.92 430 G2 79 R3 T4 P2 0.93 
386 01 79 R1 T1 P2 0.95 431 02 79 R3 T4 P3 0.90 
387 01 79 R1 T1 P3 0.94 432 02 79 R3 T4 P4 1.06 
388 01 79 R1 T1 P4 0.95 433 02 79 R4 T1 PI 0.86 
389 01 79 R1 T2 PI 1.02 434 02 79 R4 T1 P2 0.87 
390 01 79 R1 T2 P2 0.99 435 02 79 R4 T1 P3 0.85 
391 01 79 R1 T2 P3 0.91 436 02 79 R4 T1 P4 0.82 
392 01 79 R1 T2 P4 1.00 437 02 79 R4 T2 PI 1.05 
393 01 79 R1 T3 PI 1.01 438 02 79 R4 T2 P2 0.95 
394 01 79 R1 T3 P2 1.01 439 02 79 R4 T2 P3 0.94 
395 01 79 R1 T3 P3 0.97 440 02 79 R4 T2 P4 0.98 
396 01 79 R1 T3 P4 0.93 441 02 79 R4 T3 PI 0.94 
397 01 79 R1 T4 PI 1.00 442 02 79 R4 T3 P2 0.92 
398 01 79 R1 T4 P2 1.05 443 02 79 R4 T3 P3 0.97 
399 01 79 R1 T4 P3 0.99 444 02 79 R4 T3 P4 0.97 
400 01 79 R1 T4 P4 0.96 445 02 79 R4 T4 PI 1.05 
401 01 79 R2 T1 PI 0.91 446 02 79 R4 T4 P2 1.01 
402 01 79 R2 T1 P2 0.88 447 02 79 R4 T4 P3 0.99 















CHA = Growth chamber; DAP = days after planting; 
REP = Replication; TRT= Treatment; PLT = Plant; 
HT = Plant height. 
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Table A3: Raw data on shoot dry weight 
NO CHAM REP TRT PLT DRYWT 
1 G1 R1 T1 PI 22.4 
2 G1 R1 T1 P2 29.5 
3 Gi R1 T1 P3 15.9 
4 G1 R1 T1 P4 9.4 
5 Gl R1 T1 P5 9.7 
6 Gl R1 Tl P6 19.2 
7 Gl R1 T2 PI 14.9 
8 Gl R1 T2 P2 18.8 
9 Gl R1 T2 PS 18.4 
10 Gl R1 T2 P4 22.2 
11 Gl R1 T2 P5 25.0 
12 Gl R1 T2 P6 17.6 
13 Gl R1 T3 PI 16.4 
14 Gl R1 T3 P2 21.9 
15 Gl R1 T3 P3 16.6 
16 Gl R1 T3 P4 32.7 
17 Gl R1 T3 P5 11.3 
18 Gl R1 T3 P6 11.1 
19 Gl R1 T4 PI 25.9 
20 Gl R1 T4 P2 20.5 
21 Gl R1 T4 P3 32.0 
22 Gl R1 T4 P4 11.4 
23 Gl R1 T4 P5 23.1 
24 Gl R1 T4 P6 17.5 
25 Gl R2 Tl PI 16.3 
26 Gl R2 Tl P2 11.9 
27 Gl R2 Tl P3 20.7 
28 Gl R2 Tl P4 21.8 
29 Gl R2 Tl P5 14.1 
30 Gl R2 Tl P6 20.2 
31 Gl R2 T2 PI 18.8 
32 Gl R2 T2 P2 14.3 
33 Gl R2 T2 P3 23.3 
34 Gl R2 T2 P4 11.3 
35 Gl R2 T2 P5 21.8 
36 Gl R2 T2 P6 14.5 
37 Gl R2 T3 PI 13.7 





















































































































Table A3: (Continued) 
NO CHAM REP TRT PLT DRYWT 
75 G2 R4 Tl P3 16.8 
76 G2 R4 Tl P4 15.8 
77 G2 R4 Tl P5 14.6 
78 02 R4 Tl P6 16.1 
79 G2 R4 T2 PI 15.1 
80 G2 R4 T2 P2 26.2 
81 G2 R4 T2 P3 21.1 
82 G2 R4 T2 P4 29.4 
83 G2 R4 T2 P5 18.0 
84 G2 R4 T2 P6 16.7 
85 G2 R4 T3 PI 31.2 
86 G2 R4 T3 P2 7.3 
87 G2 R4 T3 P3 16.7 
88 G2 R4 T3 P4 16.5 
89 G2 R4 T3 P5 16.6 
90 G2 R4 T3 P6 20.6 
91 G2 R4 T4 PI 24.0 
92 G2 R4 T4 P2 16.5 
93 G2 R4 T4 P3 25.1 
94 G2 R4 T4 P4 17.2 
95 G2 R4 T4 P5 21.3 
96 G2 R4 T4 P6 22.7 
CHAM = Growth chamber; REP = Replication; TRT = Treatment; 
PLT = Plant; DRYWT = Shoot dry weight; Gl, G2 = Growth chamber # 1 & 2 
Rl, R2, R3, R4 = Replications; Tl, T2, T3, T4 = 0.15-, 0.30-, 0.45- and 
0.60-m WT treatments, respectively; PI, P2, P3, P4, P5, P6 = Plants sampled. 
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APPENDIX B. RAW DATA ON NO3-N AND METOLACHLOR 









































Nitrate-nitrogen concentration in water samples at three different 
soil depths under various water table treatments 
CHAM DAP REP TRT DEP NO3-N 
(mg/1) 
G1 71 R1 T1 D1 0.11 
G1 71 R1 T1 D2 0.21 
G1 71 R1 T1 D3 0.09 
G1 71 R1 T2 D1 0.26 
G1 71 R1 T2 D2 5.49 
G1 71 R1 T2 D3 5.49 
G1 71 R1 T3 D1 0.21 
G1 71 R1 T3 D2 11.02 
G1 71 R1 T3 D3 5.47 
G1 71 R1 T4 D1 0.21 
G1 71 R1 T4 D2 0.08 
G1 71 R1 T4 D3 0.16 
G1 71 R2 T1 D1 0.17 
G1 71 R2 T1 D2 0.17 
G1 71 R2 T1 D3 0.15 
G1 71 R2 T2 D1 0.16 
G1 71 R2 T2 D2 0.18 
G1 71 R2 T2 D3 0.22 
G1 71 R2 T3 D1 0.23 
G1 71 R2 T3 D2 0.22 
G1 71 R2 T3 D3 0.32 
G1 71 R2 T4 D1 0.08 
G1 71 R2 T4 D2 0.31 
G1 71 R2 T4 D3 0.31 
G2 71 R3 T1 D1 0.27 
G2 71 R3 T1 D2 0.23 
G2 71 R3 T1 D3 0.24 
G2 71 R3 T2 D1 0.27 
G2 71 R3 T2 D2 0.13 
G2 71 R3 T2 D3 0.26 
G2 71 R3 T3 D1 0.13 
G2 71 R3 T3 D2 0.13 
G2 71 R3 T3 D3 NS 
G2 71 R3 T4 D1 0.12 
G2 71 R3 T4 D2 0.12 
G2 71 R3 T4 D3 0.01 
G2 71 R4 T1 D1 0.01 
G2 71 R4 T1 D2 0.12 
G2 71 R4 T1 D3 0.12 
G2 71 R4 T2 DI 0.12 
G2 71 R4 T2 D2 0.09 
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Table B1: (Continued) 
NO CHAM DAP REP TRT DEP NO3-N 
42 G2 71 R4 T2 D3 0.10 
43 G2 71 R4 T3 D1 0.1 
44 G2 71 R4 T3 D2 NS 
45 02 71 R4 T3 D3 NS 
46 02 71 R4 T4 D1 0.70 
47 02 71 R4 T4 D2 2.54 
48 02 71 R4 T4 D3 3.27 
49 01 92 R1 T1 D1 0.01 
50 01 92 R1 T1 D2 0.01 
51 01 92 R1 T1 D3 ND 
52 01 92 R1 T2 D1 ND 
53 01 92 R1 T2 D2 0.22 
54 oi 92 R1 T2 D3 0.14 
55 01 92 R1 T3 D1 0.66 
56 01 92 R1 T3 D2 ND 
57 01 92 R1 T3 D3 0.20 
58 01 92 R1 T4 D1 0.02 
59 01 92 R1 T4 D2 0.01 
60 01 92 R1 T4 D3 0.23 
61 01 92 R2 T1 D1 0.68 
62 01 92 R2 T1 D2 0.01 
63 01 92 R2 T1 D3 0.15 
64 Ol 92 R2 T2 D1 ND 
65 01 92 R2 T2 D2 0.15 
66 01 92 R2 T2 D3 0.15 
67 01 92 R2 T3 D1 0.01 
68 01 92 R2 T3 D2 0.29 
69 01 92 R2 T3 D3 0.02 
70 01 92 R2 T4 D1 0.01 
71 01 92 R2 T4 D2 ND 
72 01 92 R2 T4 D3 0.36 
73 02 92 R3 T1 D1 ND 
74 02 92 R3 T1 D2 ND 
75 G2 92 R3 T1 D3 0.09 
76 G2 92 R3 T2 D1 ND 
77 G2 92 R3 T2 D2 0.20 
78 02 92 R3 T2 D3 0.13 
79 02 92 R3 T3 D1 ND 
80 02 92 R3 T3 D2 ND 
81 G2 92 R3 T3 D3 0.01 
82 02 92 R3 T4 D1 0.42 
83 G2 92 R3 T4 D2 0.09 
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Table B1: (Continued) 
NO CHAM DAP REP TRT DEP NO3-N 
(mg/l) 
84 G2 92 R3 T4 D3 ND 
85 G2 92 R4 T1 D1 0.02 
86 G2 92 R4 T1 D2 0.01 
87 02 92 R4 T1 D3 0.10 
88 02 92 R4 T2 D1 0.02 
89 02 92 R4 T2 D2 0.05 
90 02 92 R4 T2 D3 0.11 
91 02 92 R4 T3 D1 0.01 
92 02 92 R4 T3 D2 ND 
93 02 92 R4 T3 D3 0.01 
94 02 92 R4 T4 D1 ND 
95 02 92 R4 T4 D2 0.35 
96 02 92 R4 T4 D3 0.21 
97 01 113 R1 T1 D1 0.04 
98 01 113 R1 T1 D2 0.11 
99 01 113 R1 T1 D3 0.17 
100 01 113 R1 T2 D1 ND 
101 01 113 R1 T2 D2 0.32 
102 01 113 R1 T2 D3 0.22 
103 01 113 R1 T3 D1 0.64 
104 01 113 R1 T3 D2 0.09 
105 01 113 R1 T3 D3 0.30 
106 01 113 R1 T4 D1 0.34 
107 01 113 R1 T4 D2 NS 
108 01 113 R1 T4 D3 0.11 
109 01 113 R2 T1 D1 ND 
110 01 113 R2 T1 D2 0.27 
111 01 113 R2 T1 D3 0.15 
112 01 113 R2 T2 D1 ND 
113 01 113 R2 T2 D2 ND 
114 01 113 R2 T2 D3 0.17 
115 01 113 R2 T3 D1 0.01 
116 01 113 R2 T3 D2 0.17 
117 01 113 R2 T3 D3 0.17 
118 01 113 R2 T4 D1 0.67 
119 01 113 R2 T4 D2 ND 
120 01 113 R2 T4 D3 0.24 
121 02 113 R3 T1 D1 ND 
122 02 113 R3 T1 D2 0.22 
123 02 113 R3 T1 D3 0.16 
124 02 113 R3 T2 D1 ND 
125 02 113 R3 T2 D2 0.11 
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Table B1: (Continued) 
NO CHAM DAP REP TRT DEP NO3-N 
(mg/1) 
126 G2 113 R3 T2 D3 0.11 
127 G2 113 R3 T3 Dl ND 
128 G2 113 R3 T3 D2 ND 
129 G2 113 R3 T3 D3 0.13 
130 G2 113 R3 T4 Dl 0.57 
131 G2 113 R3 T4 D2 ND 
132 G2 113 R3 T4 D3 0.31 
133 G2 113 R4 Tl Dl NS 
134 G2 113 R4 Tl D2 0.25 
135 G2 113 R4 Tl D3 0.19 
136 G2 113 R4 T2 Dl ND 
137 G2 113 R4 T2 D2 ND 
138 G2 113 R4 T2 D3 0.11 
139 G2 113 R4 T3 Dl ND 
140 G2 113 R4 T3 D2 0.20 
141 G2 113 R4 T3 D3 0.27 
142 G2 113 R4 T4 Dl 0.71 
143 G2 113 R4 T4 D2 ND 
144 G2 113 R4 T4 D3 0.06 
CHAM = Growth chamber; DAP = Days after planting; REP = Replication; 
TRT = Treatment; DEP = Depth below the soil surf^; Gl, G2 = Growth chamber # 1 & 2; 
Rl, R2, R3, R4 = Replications; Tl, T2, T3, T4 = 0.15-, 0.30-, 0.45- and 0.60-m WT treatments, 
respectively; Dl, D2, D3, D4 = 0.20,0.40, and 0.60-m sampling depths, respectively; NS = 
no sample; ND = not detected. 
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Table B2: Metolachlor concentration (ppb) under different water table 
treatments as a fiinction of days after planting (DAP) 
NO CHA DAP REP TRT DEP MET 
(ppb) 
1 G1 50 R1 T1 D1 2.84 
2 G1 50 R1 T1 D2 1.64 
3 G1 50 R1 T1 D3 0.78 
4 01 50 R1 T2 D1 2.46 
5 01 50 R1 T2 D2 0.99 
6 01 50 R1 T2 D3 0.74 
7 01 50 R1 T3 D1 2.50 
8 01 50 R1 T3 D2 0.75 
9 01 50 R1 T3 D3 0.81 
10 01 50 R1 T4 D1 2.36 
11 01 50 R1 T4 D2 1.73 
12 01 50 R1 T4 D3 1.51 
13 01 50 R2 T1 D1 2.31 
14 01 50 R2 T1 D2 1.12 
15 01 50 R2 T1 D3 0.60 
16 01 50 R2 T2 D1 2.12 
17 01 50 R2 T2 D2 0.85 
18 01 50 R2 T2 D3 0.52 
19 01 50 R2 T3 D1 3.04 
20 01 50 R2 T3 D2 1.03 
21 01 50 R2 T3 D3 0.95 
22 01 50 R2 T4 D1 2.39 
23 01 50 R2 T4 D2 1.84 
24 01 50 R2 T4 D3 1.56 
25 02 50 R3 T1 D1 2.75 
26 02 50 R3 T1 D2 0.78 
27 02 50 R3 Tl D3 0.82 
28 02 50 R3 T2 D1 2.30 
29 02 50 R3 T2 D2 0.92 
30 02 50 R3 T2 D3 0.65 
31 02 50 R3 T3 DI 2.26 
32 02 50 R3 T3 D2 0.98 
33 02 50 R3 T3 D3 0.62 
34 02 50 R3 T4 Dl NS 
35 02 50 R3 T4 D2 1.37 
36 02 50 R3 T4 D3 1.33 
37 02 50 R4 Tl Dl 3.26 
38 02 50 R4 Tl D2 0.54 
39 02 50 R4 Tl D3 1.32 
40 02 50 R4 T2 Dl 2.52 
41 02 50 R4 T2 D2 1.12 
42 02 50 R4 T2 D3 0.73 
43 02 50 R4 T3 Dl 2.32 
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Table B2: (Continued) 
NO CHA DAP REP TRT DEP MET 
(ppb) 
44 G2 50 R4 T3 D2 0.76 
45 G2 50 R4 T3 D3 0.50 
46 G2 50 R4 T4 D1 1.92 
47 02 50 R4 T4 D2 1.26 
48 02 50 R4 T4 D3 1.28 
49 01 71 R1 T1 D1 1.35 
50 01 71 R1 T1 D2 0.75 
51 01 71 R1 T1 D3 0.75 
52 01 71 R1 T2 D1 2.32 
53 01 71 R1 T2 D2 0.85 
54 01 71 R1 T2 D3 0.42 
55 01 71 R1 T3 D1 1.88 
56 01 71 R1 T3 D2 1.43 
57 01 71 R1 T3 D3 0.64 
58 01 71 R1 T4 D1 1.27 
59 01 71 R1 T4 D2 2.83 
60 01 71 R1 T4 D3 0.90 
61 01 71 R2 T1 D1 1.29 
62 01 71 R2 T1 D2 0.67 
63 01 71 R2 T1 D3 0.81 
64 01 71 R2 T2 D1 NS 
65 01 71 R2 T2 D2 0.73 
66 01 71 R2 T2 D3 0.58 
67 01 71 R2 T3 D1 1.76 
68 01 71 R2 T3 D2 0.89 
69 01 71 R2 T3 D3 0.70 
70 01 71 R2 T4 D1 0.75 
71 01 71 R2 T4 D2 1.79 
72 01 71 R2 T4 D3 0.84 
73 02 71 R3 T1 D1 1.42 
74 02 71 R3 T1 D2 0.59 
75 02 71 R3 T1 D3 0.87 
76 02 71 R3 T2 D1 2.06 
77 02 71 R3 T2 D2 0.62 
78 02 71 R3 T2 D3 0.36 
79 02 71 R3 T3 D1 NS 
80 02 71 R3 T3 D2 1.36 
81 02 71 R3 T3 D3 0.53 
82 02 71 R3 T4 D1 0.88 
83 02 71 R3 T4 D2 2.14 
84 02 71 R3 T4 D3 1.70 
85 02 71 R4 T1 D1 1.26 
86 02 71 R4 T1 D2 0.83 
87 02 71 R4 T1 D3 0.89 
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Table B2: (Continued) 
NO CHA DAP REP TRT DEP MET 
(ppb) 
132 G2 92 R3 T4 D3 0.71 
133 G2 92 R4 T1 D1 0.90 
134 G2 92 R4 T1 D2 0.56 
135 02 92 R4 T1 D3 0.92 
136 02 92 R4 T2 D1 1.94 
137 02 92 R4 T2 D2 0.69 
138 02 92 R4 12 D3 0.40 
139 02 92 R4 T3 D1 1.42 
140 02 92 R4 T3 D2 0.98 
141 02 92 R4 T3 D3 0,64 
142 02 92 R4 T4 D1 1.73 
143 02 92 R4 T4 D2 1.96 
144 02 92 R4 T4 D3 0.76 
145 01 113 R1 T1 D1 0.57 
146 01 113 R1 T1 D2 0.43 
147 01 113 R1 T1 D3 0.33 
148 01 113 R1 T2 D1 0.64 
149 01 113 R1 T2 D2 0.52 
150 01 113 R1 T2 D3 0,45 
151 01 113 R1 T3 D1 0,93 
152 01 113 R1 T3 D2 0.64 
153 01 113 R1 T3 D3 0.28 
154 01 113 R1 T4 D1 NS 
155 01 113 R1 T4 D2 0.56 
156 01 113 R1 T4 D3 0.96 
157 01 113 R2 T1 D1 0.51 
158 01 113 R2 T1 D2 0.47 
159 01 113 R2 T1 D3 0.45 
160 01 113 R2 T2 D1 0.76 
161 01 113 R2 T2 D2 0.74 
162 01 113 R2 T2 D3 0.49 
163 01 113 R2 T3 D1 0.72 
164 01 113 R2 T3 D2 0.82 
165 01 113 R2 T3 D3 0.37 
166 01 113 R2 T4 D1 1,27 
167 01 113 R2 T4 D2 0.44 
168 01 113 R2 T4 D3 1.02 
169 02 113 R3 T1 D1 0.45 
170 02 113 R3 T1 D2 0.64 
171 02 113 R3 T1 D3 0,49 
172 02 113 R3 T2 D1 0.52 
173 02 113 R3 T2 D2 0.36 
174 02 113 R3 T2 D3 0.50 
175 02 113 R3 T3 D1 
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Table B2: (Continued) 
NO CHA DAP REP TRT DEP MET 
(ppb) 
176 G2 113 R3 T3 D2 0.79 
177 G2 113 R3 T3 D3 0.42 
178 G2 113 R3 T4 Dl 1.14 
179 02 113 R3 T4 D2 0.67 
180 02 113 R3 T4 D3 0.89 
181 02 113 R4 Tl Dl 0.69 
182 02 113 R4 Tl D2 0.59 
183 02 113 R4 Tl D3 0.50 
184 02 113 R4 T2 Dl 0.18 
185 02 113 R4 T2 D2 0.27 
186 02 113 R4 T2 D3 0.51 
187 02 113 R4 T3 Dl 0.87 00 00 
02 113 R4 T3 D2 0.63 
189 02 113 R4 T3 D3 0.25 
190 02 113 R4 T4 Dl 1.20 
191 02 113 R4 T4 D2 0.73 
192 02 113 R4 T4 D3 1.00 
CHAM = Growth chamber; DAP = Days after planting; REP = Replication; 
TRT = Treatment; DEP = Depth below the soil surface; MET = Metolachlor; Gl, G2 = 
Growth chamber # 1 & 2; Rl, R2, R3, R4 = Replications; Tl, T2, T3, T4 = 0.15-, 0.30-, 
0.45- and 0.60-m WT treatments, respectively; Dl, D2, D3, D4 = 0.20, 0.40, and 0.60-m 
sampling depths, respectively; NS = no sample. 
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APPENDIX C. RAW DATA ON DIFFERENT PHYSIOLOGICAL 
PARAMETERS OF SOYBEAN 
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Table CI. Raw data on different physiological parameters of soybean during the 
growing season 
NO CHA DAP REP TRT PLT PHO CON TRA CHL CIN TIA TLE 
(umol/mVs) (mol/roVs) (mxn/d) (SPAD) (ppm) CO CO 
1 G1 37 R1 T1 PI 17.49 0.63 2.30 31.8 398.3 30.17 29.11 
2 G1 37 R1 T1 P2 17.77 0.78 2.00 30.9 405.7 30.10 29.15 
3 G1 37 R1 T1 P3 17.70 0.58 1.90 31.9 401.2 30.24 29.82 
4 G1 37 R1 T1 P4 17.65 0.66 2.20 31.4 404.3 30.05 29.36 
5 G1 37 R1 T2 PI 15.08 0.53 2.37 40,3 397.7 30.25 28.22 
6 G1 37 R1 T2 P2 17.82 0.67 2.24 27.0 390.7 30.18 28.31 
7 G1 37 R1 T2 P3 15.47 0.70 2.40 30.7 388.9 30.21 28.43 
8 G1 37 R1 T2 P4 16.12 0.63 2.23 32.5 405.5 30.24 28.32 
9 G1 37 R1 T3 PI 22.36 0.62 2.19 35.3 384.4 30.71 30.06 
10 G1 37 R1 T3 P2 24.58 0.55 2.65 24.6 392.3 30.66 30.18 
11 G1 37 R1 T3 P3 25.04 0.47 2.20 28.6 385.1 30.69 30.52 
12 G1 37 R1 T3 P4 23.99 0.55 2.16 29.3 391.2 30.62 30.25 
13 G1 37 R1 T4 PI 21.75 0.56 2.52 31.5 408.4 30.55 29.93 
14 G1 37 R1 T4 P2 20.89 0.64 2.41 27.3 415.6 30.48 30.13 
15 G1 37 R1 T4 P3 20.49 0.74 2.35 31.0 410.0 30.42 29.95 
16 G1 37 R1 T4 P4 21.04 0.65 2.64 29.8 408.1 30.59 30.00 
17 G1 37 R2 T1 PI 15.79 0.82 2.42 31.3 397.5 30.09 30.12 
18 G1 37 R2 T1 P2 17.69 0.45 2.26 32.4 396.2 30.12 30.79 
19 G1 37 R2 T1 P3 18.67 0.74 2.35 31.2 390.4 30.07 30.46 
20 G1 37 R2 T1 P4 17.38 0.67 2.33 31.5 392.5 29.96 30.26 
21 G1 37 R2 T2 PI 21.79 0.57 2.54 29.5 380.7 30.15 30.28 
22 G1 37 R2 T2 P2 19.20 0.58 2.63 31.4 386.2 30.17 30.42 
23 G1 37 R2 T2 P3 18.62 0.55 2.47 35.6 382.1 30.07 30.06 
24 G1 37 R2 T2 P4 19.87 0.57 2.24 31.5 392.8 30.09 30.19 
25 G1 37 R2 T3 PI 19.68 0.46 2.08 30.6 377.4 30.63 30.67 
26 G1 37 R2 T3 P2 18.54 0.57 2.13 34.7 370.8 30.57 30.43 
27 G1 37 R2 T3 P3 16.14 0.66 2.35 30.8 374.5 30.42 30.29 
28 G1 37 R2 T3 P4 18.12 0.56 2.04 32.1 392.2 30.82 30.41 
29 G1 37 R2 T4 PI 21.16 0.39 2.66 31.8 395.4 30.50 30.69 
30 G1 37 R2 T4 P2 22.96 0.53 2.54 32.1 395.0 30.46 30.42 
31 G1 37 R2 T4 P3 24.62 0.55 2.45 37.8 398.2 30.53 30.52 
32 G1 37 R2 T4 P4 22.91 0.49 2.83 33.7 402.6 30.31 30.48 
33 G2 37 R3 T1 PI 14.00 0.60 2.19 34.7 385.9 29.74 27.88 
34 G2 37 R3 T1 P2 16.47 0.63 2.22 26.5 390.1 29.80 28.37 
35 G2 37 R3 T1 P3 20.82 0.61 2.14 30.8 387.3 29.68 29.03 
36 G2 37 R3 T1 P4 17.10 0.63 2.37 30.5 389.6 30.06 28.36 
37 G2 37 R3 T2 PI 18.24 0.62 2.47 31.5 390.1 30.05 29.80 
38 G2 37 R3 T2 P2 20.44 0.63 2.69 33.5 390.4 29.92 30.57 
39 02 37 R3 T2 P3 20.10 0.67 2.72 32.4 387.2 29.97 30.20 
40 G2 37 R3 T2 P4 19.59 0.68 2.60 31.9 388.3 29.86 29.92 
41 G2 37 R3 T3 PI 15.97 0.59 2.40 34.6 382.7 30.24 29.12 
42 G2 37 R3 T3 P2 16.78 0.54 2.38 34.1 378.5 30.12 29.19 
43 G2 37 R3 T3 P3 13.90 0.61 2.45 30.5 387.9 30.05 29.39 
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Table CI: (Continued) 
NO CHA DAP REP TRT PLT PHD CON TRA CHL CDSf TIA TLE 
(umoI/mVs) (mol/m'/$) (nun/d) (SPAD) (ppm) CQ (X) 
44 G2 37 R3 T3 P4 15.55 0.58 2.45 32.4 372.5 30.27 29,19 
45 G2 37 R3 T4 PI 17.62 0.65 2.76 34.5 375.6 30.72 30,07 
46 G2 37 R3 T4 P2 18.48 0.62 2.62 34.1 380,1 30.61 30,09 
47 02 37 R3 T4 P3 16.70 0.61 2.65 30.5 382,0 30.67 30,43 
48 02 37 R3 T4 P4 17.60 0.68 2.77 32.5 376,7 30.68 30,13 
49 02 37 R4 T1 PI 15.96 0,71 2.84 34.6 375,2 29,90 30.72 
50 02 37 R4 T1 P2 13.66 0.70 2.76 31.4 382.4 29,84 30.34 
51 02 37 R4 T1 P3 17.83 0.67 2.88 29.5 379.6 30.12 30.71 
52 02 37 R4 T1 P4 15.82 0.64 2.76 31.4 387.5 29.89 30.55 
53 02 37 R4 T2 PI 15.84 0.65 2.35 28.9 380.7 29.87 30,31 
54 02 37 R4 T2 P2 18.31 0.71 2.41 29.4 382,4 29,92 29,75 
55 02 37 R4 T2 P3 14.30 0.68 2.19 33.0 390.0 29,94 29,96 
56 02 37 R4 T2 P4 16.15 0.72 2.01 29,6 384.6 29,90 29.97 
57 02 37 R4 T3 PI 21.72 0.65 2.04 33.5 367.0 30.15 30.27 
58 02 37 R4 T3 P2 19.83 0.63 2.10 38,4 378.1 30.07 30.22 
59 02 37 R4 T3 P3 19.42 0.60 2.08 36,2 380.5 30.11 30.54 
60 02 37 R4 T3 P4 20.32 0.60 2.14 36,2 378.6 30.03 30.30 
61 02 37 R4 T4 PI 18.13 0.69 2.34 34,2 390.7 30.62 30.70 
62 02 37 R4 T4 P2 21.24 0.63 2.22 34.5 388.2 30.51 30,74 
63 02 37 R4 T4 P3 20.24 0.65 2.19 34,9 385.1 30.67 30.59 
64 02 37 R4 T4 P4 19.87 0.67 2.21 35,3 368.0 30.45 30.54 
65 01 44 R1 T1 PI 15.01 0.71 2.92 33,6 401.2 30.60 28.10 
66 01 44 R1 T1 P2 11.10 0.78 2.90 26,9 403.8 30.76 28.72 
67 01 44 R1 T1 P3 14.86 0.74 2.88 31,0 399.4 30.85 28,88 
68 01 44 R1 T1 P4 13.66 0.77 2.86 30,2 396.1 30.87 28.42 
69 01 44 R1 T2 PI 11.54 0.65 2.85 25,1 362.7 30.92 26.60 
70 01 44 R1 T2 P2 13.30 0.72 2.93 31,4 386.1 30.98 26.88 
71 01 44 R1 T2 P3 10.75 0.69 3.02 28,9 396.2 30.87 28.09 
72 01 44 R1 T2 P4 11.86 0.66 3.04 29,0 376.6 30.83 26.79 
73 01 44 R1 T3 PI 15.88 0.81 3.11 30,4 407.8 31.42 30.31 
74 01 44 R1 T3 P2 15.71 0.76 3.05 29,3 406.5 31.40 30.07 
75 01 44 R1 T3 P3 15.62 0.74 3.26 29.6 411.3 31.32 30.33 
76 01 44 R1 T3 P4 15.74 0.85 2.90 30.2 417.2 31.38 30.20 
77 01 44 R1 T4 PI 15.04 0.69 3.27 29,4 394.7 31.41 30.59 
78 01 44 R1 T4 P2 16.76 0.73 3.24 28,6 396.5 31.37 29.69 
79 01 44 R1 T4 P3 15.21 0.71 3.19 30.0 403.1 31.52 30.14 
80 01 44 R1 T4 P4 15.67 0.75 3.34 29.1 394.6 31.46 30.11 
81 01 44 R2 T1 PI 13.12 0.68 2.83 35.6 425.3 30.54 31.65 
82 01 44 R2 T1 P2 10.24 0.65 2.91 35.0 438.8 30.64 31.66 
83 01 44 R2 T1 P3 7.93 0.72 2.78 33.9 432.2 30.72 31.69 
84 01 44 R2 T1 P4 10.43 0.71 3.08 35.4 425.4 30.78 31.61 
85 01 44 R2 T2 PI 18.69 0.64 2.94 29.4 450.8 30.87 31.28 
86 01 44 R2 T2 P2 15.43 0.62 2.98 33.1 446.4 30.69 31.27 
87 01 44 R2 T2 P3 16.47 0.61 3.01 33.8 439.6 30.75 31.49 
211 
Table CI: (Continued) 
NO CHA DAP REP TRT PLT PHD CON TRA CHL CIN TIA TLE 
(umol/mVs) (tam/S) (SPAD) (sm) TO CC) 
88 G1 44 R2 T2 P4 16.86 0.61 2.87 31.4 440.9 30.97 31.32 
89 G1 44 R2 T3 PI 13.11 0.73 3.17 31.2 416.2 31.34 30.75 
90 G1 44 R2 T3 P2 12.96 0.72 3.09 33.1 415.6 31.25 30.82 
91 01 44 R2 T3 P3 12.82 0.76 3.14 30.3 430.5 31.30 30.74 
92 01 44 R2 T3 P4 12.96 0.79 3.08 31.0 413.3 31.15 30.76 
93 01 44 R2 T4 PI 9.84 0.79 3.27 31.7 460.1 31.42 30.64 
94 01 44 R2 T4 P2 7.72 0.74 3.18 31.7 453.9 31.35 30.41 
95 01 44 R2 T4 P3 17.89 0.78 3.15 31.6 452.7 31.28 30.77 
96 01 44 R2 T4 P4 11.82 0.81 3.16 30.6 454.0 31.23 30.55 
97 02 44 R3 T1 PI 15.77 0.72 2.83 37.5 320.4 30.64 29.54 
98 02 44 R3 T1 P2 9.90 0.75 2.80 35.4 332.5 30.75 29.67 
99 02 44 R3 T1 P3 10.80 0.74 2.76 33.0 337.7 30.78 29.96 
100 02 44 R3 T1 P4 12.16 0.79 2.73 34.8 326.9 30.71 29.64 
101 02 44 R3 T2 PI 12.83 0.69 2.97 34.8 422.8 30.88 30.98 
102 02 44 R3 T2 P2 12.47 0.64 2.87 36.7 455.9 30.79 31.42 
103 02 44 R3 T2 P3 12.89 0.70 2.74 36.5 448.4 30.90 31.13 
104 02 44 R3 T2 P4 12.73 0.69 2.90 35.7 439.6 30.83 31.10 
105 02 44 R3 T3 PI 14.57 0.75 3.08 33.1 398.2 31.34 30.57 
106 02 44 R3 T3 P2 13.72 0.72 2.94 32.8 409.8 31.25 30.44 
107 02 44 R3 T3 P3 11.04 0.72 2.98 37.0 402.4 31.32 30.76 
108 02 44 R3 T3 P4 13.11 0.73 2.96 35.0 418.8 31.21 30.50 
109 02 44 R3 T4 PI 12.12 0.78 3.23 34.7 369.3 31.38 31.08 
110 02 44 R3 T4 P2 15.76 0.76 3.19 32.6 371.2 31.26 30.76 
111 02 44 R3 T4 P3 12.78 0.74 3.20 32.2 401.5 31.29 30.68 
112 02 44 R3 T4 P4 13.55 0.76 3.06 32.5 378.0 31.35 30.75 
113 02 44 R4 T1 PI 7.10 0.84 2.82 31.6 408.5 30.64 30.80 
114 02 44 R4 T1 P2 9.11 0.84 2.75 34.3 407.1 30.47 30.71 
115 02 44 R4 TI P3 10.20 0.80 2.86 34.2 410.7 30.52 30.79 
116 02 44 R4 T1 P4 8.80 0.76 2.73 33.0 400.9 30.40 30.50 
117 02 44 R4 T2 PI 14.58 0.73 3.21 32.1 380.2 30.87 31.24 
118 02 44 R4 T2 P2 18.64 0.71 3.04 29.9 373.9 30.75 31.40 
119 02 44 R4 T2 P3 13.52 0.75 2.89 32.3 374.5 30.82 31.08 
120 02 44 R4 T2 P4 7.98 0.69 2.94 31.2 371.5 30.79 31.20 
121 02 44 R4 T3 PI 14.58 0.78 2.88 33.4 392.1 31.08 30.45 
122 02 44 R4 T3 P2 13.19 0.73 2.96 33.4 393.9 31.12 30.76 
123 02 44 R4 T3 P3 12.65 0.74 3.07 28.0 401.5 30.97 30.92 
124 02 44 R4 T3 P4 13.47 0.75 2.97 30.9 392.9 31.03 30.63 
125 02 44 R4 T4 PI 11.15 0.88 3.12 27.9 368.0 31.19 31.40 
126 02 44 R4 T4 P2 11.64 0.86 3.17 30.4 386.3 31.25 30.78 
127 02 44 R4 T4 P3 11.79 0.85 3.24 27.5 392.7 31.04 30.84 
128 02 44 R4 T4 P4 11.53 0.85 3.19 28.1 373.1 31.19 30.59 
129 01 51 R1 Tl PI 12.21 0.86 3.64 32.4 402.1 31.25 30.24 
130 01 51 R1 Tl P2 10.45 0.83 3.76 33.6 405.6 31.29 30.21 
131 01 51 R1 Tl P3 13.85 0.78 3.51 32.0 407.0 31.27 30.19 
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Table CI; (Continued) 
NO CHA DAP REP TRT PLT PHO CON TRA CHL CIN TIA TLE 
(umoItaVs) (rool/m'/s) (min/d) (SPAD) (ppm) CO CQ 
132 G1 51 R1 T1 P4 13.37 0.73 3.77 33.9 398.1 31.31 30.52 
133 G1 51 R1 T2 PI 15.24 0.78 4.18 32.5 390.8 31.24 30.30 
134 G1 51 R1 T2 P2 13.86 0.74 4.09 31.8 408.5 31.45 29.80 
135 01 51 R1 T2 P3 14.85 0.76 4.23 31.5 400.2 31.48 29.40 
136 01 51 R1 T2 P4 12.13 0.72 4.10 32.6 403.3 31.51 29.78 
137 01 51 R1 T3 PI 14.95 0.70 4.42 31.8 380.6 31.84 30.64 
138 01 51 R1 T3 P2 16.24 0.72 4.38 30.2 385.4 31.72 30.84 
139 01 51 R1 T3 P3 15.68 0.75 4.49 31.4 370.9 31.69 30.69 
140 01 51 R1 T3 P4 16.08 0.75 4.51 32.6 381.1 31.75 30.83 
141 01 51 R1 T4 PI 16.74 0.78 4.42 31.7 401.2 31.82 30.54 
142 01 51 R1 T4 P2 15.35 0.72 4.37 30.4 398.7 31.95 30.98 
143 01 51 R1 T4 P3 14.97 0.75 4.42 32.5 390.5 32.02 30.68 
144 01 51 R1 T4 P4 15.62 0.79 4.31 33.3 398.5 32.05 30.92 
145 01 51 R2 T1 PI 14.36 0.84 3.79 31.4 410.5 31.14 30.21 
146 01 51 R2 T1 P2 13.98 0.83 3.83 31.2 413.8 31.24 30.28 
147 01 51 R2 T1 P3 15.28 0.87 3.89 31.2 415.8 30.93 30.36 
148 01 51 R2 T1 P4 13.31 0.90 3.77 31.3 404.6 31.09 29.80 
149 01 51 R2 T2 PI 15.84 0.82 4.20 33.6 415.2 31.45 29.75 
150 01 51 R2 T2 P2 14.67 0.85 4.35 32.8 400.3 31.47 29.69 
151 01 51 R2 T2 P3 13.59 0.86 4.37 33.1 405.9 31.22 29.62 
152 01 51 R2 T2 P4 15.64 0.79 3.96 32.8 390.2 31.14 29.55 
153 01 51 R2 T3 PI 15.98 0.95 4.42 32.2 390.7 31,56 30.94 
154 01 51 R2 T3 P2 17.45 0.98 4.37 31.7 395.0 31.37 30.82 
155 01 51 R2 T3 P3 14.35 0.99 4.32 31.6 380.5 31.42 30.75 
156 01 51 R2 T3 P4 15.89 0.96 4.45 32.4 380.4 31,61 31.23 
157 01 51 R2 T4 PI 16.44 1.03 4.33 33.4 408.2 31.98 30.69 
158 01 51 R2 T4 P2 14.75 0.94 4.27 32.9 400.6 32,04 30.75 
159 01 51 R2 T4 P3 15.43 0.98 4.29 33.2 395.4 32.00 30.66 
160 01 51 R2 T4 P4 15.27 0.97 4.31 33.3 415.9 31.66 30.43 
161 02 51 R3 T1 PI 12.57 0.92 3.84 35.2 395.8 31.35 30.74 
162 02 51 R3 T1 P2 10.98 0.94 3.77 35.6 390.3 31.28 30,64 
163 02 51 R3 T1 P3 11.90 0.91 3.68 34.9 386.4 31.25 30.47 
164 02 51 R3 T1 P4 11.15 0.87 3.67 36.8 389.1 30.84 30,63 
165 02 51 R3 T2 PI 16.23 0.82 4.12 37.1 401.5 31.10 31,24 
166 02 51 R3 T2 P2 14.65 0.86 4.03 36.9 410.0 31.42 31,56 
167 02 51 R3 T2 P3 15.84 0.85 4.10 36.5 390.3 31.35 31,42 
168 02 51 R3 T2 P4 15.76 0.83 3.99 37.7 392.6 31.57 32,10 
169 02 51 R3 T3 PI 15.46 0.78 4.36 35.4 372.5 31.64 30,75 
170 02 51 R3 T3 P2 13.14 0.76 4.32 34.7 382.1 31.46 30,60 
171 02 51 R3 T3 P3 14.90 0.76 4.24 35.0 360.7 31.50 30,67 
172 02 51 R3 T3 P4 14.66 0.74 4.36 36.6 365.1 31.48 30,70 
173 02 51 R3 T4 PI 13.24 0.98 4.17 34.7 386.9 32.04 31,45 
174 02 51 R3 T4 P2 15.71 0.96 4.23 34.2 374.2 31.89 31,68 
175 02 51 R3 T4 P3 12.32 1.01 4.15 34.5 376.0 31.92 31,12 
Table CI: (Continued) 
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NO CHA DAP REP TRT PLT PHO CON TRA CHL CIN TIA TLE 
(umol/mVs) (mol/mVs) (aan/d) CSPAD) (ppm) CC) PC) 
176 G2 51 R3 T4 P4 14.21 0.93 4.33 33.8 382.9 32.03 31.27 
177 G2 51 R4 T1 PI 11.50 0.89 3.47 36.2 402.3 31.32 30.57 
178 G2 51 R4 T1 P2 10.65 0.86 3.60 35.9 406.0 31.24 30.36 
179 02 51 R4 T1 P3 10.84 0.86 3.74 35.7 411.8 31.00 30.79 
180 02 51 R4 T1 P4 10.32 0.87 3.79 36.7 392.8 30.58 30.21 
181 02 51 R4 T2 PI 14.17 0.80 3.92 36.8 398.6 31.14 31.62 
182 02 51 R4 T2 P2 14.20 0.78 4.15 37.3 390.6 31.22 31.48 
183 02 51 R4 T2 P3 14.82 0.81 3.98 37.1 405.7 31.36 31.08 
184 02 51 R4 T2 P4 15.61 0.81 3.83 37.6 418.5 31.21 31.90 
185 02 51 R4 T3 PI 14.96 0.84 4.32 36.3 350.7 31.48 30.44 
186 02 51 R4 T3 P2 12.76 0.79 4.47 36.5 364.5 31.35 30.25 
187 02 51 R4 T3 P3 15.62 0.80 4.39 35.2 372.8 31.30 30.64 
188 02 51 R4 T3 P4 13.55 0.85 4.26 36.6 376.0 31.54 30.96 
189 02 51 R4 T4 PI 14.36 0.93 4.15 34.7 390.7 31.96 31.66 
190 02 51 R4 T4 P2 11.87 0.92 4.26 33.6 399.4 31.83 31.42 
191 02 51 R4 14 P3 12.06 0.91 4.05 34.1 392.0 31.75 31.36 
192 02 51 R4 T4 P4 13.57 0.88 4.26 34.7 411.7 31.77 31.82 
193 01 58 R1 T1 PI 15.86 0.92 4.55 31.9 410.4 31.45 29.42 
194 01 58 R1 T1 P2 13.29 0.91 4.63 29.9 415.3 31.38 28.77 
195 01 58 R1 T1 P3 14.43 0.89 4.72 30.9 412.0 31.29 29.94 
196 OI 58 R1 T1 P4 14.12 0.88 4.58 27.3 424.3 31.60 29.70 
197 01 58 R1 T2 PI 16.08 0.82 4.89 38.5 342.6 31.92 27.69 
198 01 58 R1 T2 P2 13.10 0.83 4.95 29.5 397.3 32.06 27.92 
199 01 58 R1 T2 P3 14.16 0.86 4.92 29.6 379.7 31.87 29.13 
200 01 58 R1 T2 P4 15.56 0.85 5.12 35.0 351.0 32.03 29.95 
201 01 58 R1 T3 PI 12.69 0.89 5.42 37.9 434.8 31.79 30.89 
202 01 58 R1 T3 P2 19.15 0.87 5.39 35.9 409.5 31.92 31.03 
203 01 58 R1 T3 P3 19.05 0.86 5.27 31.9 414.7 31.82 30.96 
204 01 58 R1 T3 P4 23.64 0.90 5.28 35.6 489.2 31.95 30.30 
205 Ol 58 R1 T4 PI 20.68 1.02 5.46 32.6 420.3 32.71 30.08 
206 01 58 R1 T4 P2 16.71 0.99 5.52 33.6 422.2 32.65 30.19 
207 01 58 R1 T4 P3 21.49 0.96 5.67 29.4 429.3 32.74 30.13 
208 01 58 R1 T4 P4 18.82 1.07 5.27 36.4 409.0 32.50 30.83 
209 01 58 R2 T1 PI 19.23 0.98 4.79 38.2 495.2 31.66 30.74 
210 01 58 R2 T1 P2 12.79 0.94 4.72 29.7 395.9 31.83 31.52 
211 01 58 R2 T1 P3 15.49 0.96 4.66 29.6 426.3 31.75 31.50 
212 01 58 R2 T1 P4 12.07 1.01 4.75 34.9 384.0 31.60 31.30 
213 01 58 R2 T2 PI 13.30 0.87 4.91 37.9 400.7 31.87 31.56 
214 Ol 58 R2 T2 P2 21.32 0.92 4.86 37.1 472.0 31.94 30.94 
215 01 58 R2 T2 P3 7.01 0.90 4.95 36.8 391.3 32.10 32.94 
216 G1 58 R2 T2 P4 16.21 0.91 4.72 34.8 416.8 31.89 31.93 
217 01 58 R2 T3 PI 15.99 0.90 5.34 32.5 480.3 31.74 31.92 
218 Ol 58 R2 T3 P2 14.14 0.92 5.18 30.6 417.6 31.87 31.57 
219 G1 58 R2 T3 P3 17.70 0.93 5.34 28.7 451.3 31.92 31.32 
214 
Table CI; (Continued) 
NO CHA DAP REP TRT PLT PHD CON TRA CHL CIN TIA TLE 
(umd/mV$) Cmol/m'/s) (nun/d) (SPAD) (ppm) CC) CO 
220 G1 58 R2 T3 P4 16.08 0.96 5.30 29.6 420.1 31.63 30.85 
221 G1 58 R2 T4 PI 19.67 1.08 5.65 36.3 370.5 32.74 31.74 
222 G1 58 R2 14 P2 12.95 1.07 5.68 36.5 377.7 32.60 32.12 
223 01 58 R2 T4 P3 13.28 1.10 5.43 37.2 392.4 32.57 32.28 
224 G1 58 R2 T4 P4 15.59 1.11 5.28 36.7 387.7 32.37 31.72 
225 G2 58 R3 T1 PI 20.01 0.98 4.56 39.6 450.3 31.50 29.72 
226 02 58 R3 T1 P2 15.64 1.02 4.49 40.4 370.7 31.38 31.11 
227 02 58 R3 T1 P3 7.80 0.95 4.62 42.4 385.1 31.44 31.58 
228 02 58 R3 T1 P4 14.48 0.93 4.33 38.0 394.8 31.56 30.74 
229 02 58 R3 T2 PI 16.16 0.92 4.76 41.6 368.4 32.09 32.32 
230 02 58 R3 T2 P2 19.51 0.98 4.59 42.0 373.4 32.04 31.97 
231 02 58 R3 T2 P3 16.78 0.96 4.82 41.0 374.0 31.92 32.88 
232 02 58 R3 T2 P4 14.11 1.02 4.79 38.8 385.3 31.99 32.89 
233 02 58 R3 T3 PI 16.10 0.90 5.14 39.9 363.3 31.76 30.87 
234 02 58 R3 T3 P2 19.28 0.93 5.19 38.6 388.0 31.86 30.58 
235 02 58 R3 T3 P3 15.07 0.94 5.09 38.2 372.7 31.90 31.57 
236 02 58 R3 T3 P4 11.60 0.91 5.06 43.0 372.9 31.88 31.92 
237 02 58 R3 T4 PI 16.84 1.12 5.43 38.6 368.2 32.57 31.99 
238 02 58 R3 T4 P2 17.84 1.20 5.33 42.6 364.1 32.71 32.33 
239 02 58 R3 T4 P3 11.54 1.16 5.27 36.3 378.8 32.63 32.45 
240 02 58 R3 T4 P4 14.82 1.24 5.53 39.7 374.1 32.65 32.24 
241 02 58 R4 T1 PI 12.50 0.92 4.35 37.6 439.9 31.48 31.24 
242 02 58 R4 T1 P2 10.57 0.95 4.52 32.2 445.3 31.59 31.26 
243 02 58 R4 T1 P3 7.15 0.96 4.40 34.2 453.1 31.64 31.32 
244 02 58 R4 T1 P4 7.82 0.89 4.45 35.9 465.0 31.51 30.24 
245 02 58 R4 T2 PI 16.59 0.98 4.94 37.4 399.9 31.92 31.03 
246 02 58 R4 T2 P2 12.55 1.03 4.82 40.5 418.0 31.83 31.22 
247 02 58 R4 T2 P3 14.85 1.02 4.76 41.8 411.1 31.78 31.46 
248 02 58 R4 T2 P4 18.76 0.93 4.96 41.6 418.6 31.98 31.48 
249 02 58 R4 T3 PI 15.88 0.96 5.22 38.1 344.0 31.62 29.48 
250 02 58 R4 T3 P2 17.17 0.93 5.17 38.8 376.2 31.56 29.79 
251 02 58 R4 T3 P3 13.65 0.97 5.08 37.1 401.5 31.70 30.23 
252 02 58 R4 T3 P4 15.01 0.90 5.05 35.3 398.6 31.88 30.55 
253 02 58 R4 T4 PI 13.45 1.20 5.31 35.1 413.9 32.03 32.00 
254 02 58 R4 T4 P2 12.70 1.25 5.27 34.9 428.1 32.45 31.93 
255 02 58 R4 T4 P3 12.70 1.22 5.45 36.0 427.1 32.74 32.00 
256 02 58 R4 T4 P4 14.47 1.21 5.33 39.6 433.1 32.78 31.73 
257 01 65 RI T1 PI 14.25 1.24 6.60 32.4 432.1 32.19 30.98 
258 01 65 R1 T1 P2 12.69 1.28 6.52 32.4 435.7 32.15 30.85 
259 01 65 Rl T1 P3 14.75 1.29 6.49 31.8 428.5 32.04 30.45 
260 01 65 Rl T1 P4 16.01 1.27 6.43 32.0 426.5 32.54 31.08 
261 01 65 Rl T2 PI 15.36 1.17 6.58 35.1 420.6 31.50 30.65 
262 01 65 Rl T2 P2 13.60 1.15 6.74 34.7 423.7 31.65 30.44 
263 01 65 Rl T2 P3 14.74 1.13 6.67 34.9 418.9 31.74 30.48 
215 
Table CI: (Continued) 
NO CHA DAP REP TRT PLT PHO CON TRA CHL CIN TIA TLE 
(uinol/mVs) (mol/mVs) (mm/d) (SPAD) (ppm) CO CC) 
264 G1 65 R1 T2 P4 15.20 1.15 6.69 34.9 425.2 31.87 30.51 
265 G1 65 R1 T3 PI 17.84 1.28 6.78 36.3 460.7 32.92 31.45 
266 G1 65 R1 T3 P2 19.65 1.25 6.62 36.7 458.2 32.90 31.62 
267 G1 65 R1 T3 P3 18.69 1.23 6.54 35.8 455.8 32.87 31.69 
268 G1 65 R1 T3 P4 18.35 1.20 6.62 36.0 488.5 32.55 32.28 
269 G1 65 R1 T4 PI 20.10 1.45 6.89 35.3 440.1 32.84 31.28 
270 G1 65 R1 T4 P2 18.64 1.49 6.92 35.6 442.9 32.35 31.46 
271 G1 65 R1 T4 P3 19.67 1.49 6.75 34.8 435.1 32.96 31.44 
272 G1 65 R1 T4 P4 19.29 1.45 6.80 36.0 436.3 32.81 31.30 
273 G1 65 R2 T1 PI 18.52 1.31 6.28 32.4 450.2 32.18 31.16 
274 G1 65 R2 T1 P2 16.84 1.34 6.39 32.1 442.5 32.15 30.92 
275 G1 65 R2 T1 P3 16.99 1.32 6.45 32.7 435.9 32.10 30.87 
276 G1 65 R2 T1 P4 15.81 1.31 6.24 33.0 435.7 32.01 31.11 
277 G1 65 R2 T2 PI 17.64 1.20 6.78 36.4 422.4 31.78 30.42 
278 G1 65 R2 T2 P2 16.83 1.24 6.75 35.9 425.6 31.88 30.51 
279 G1 65 R2 T2 P3 18.60 1.19 6.64 36.3 420.2 31.92 30.44 
280 G1 65 R2 T2 P4 18.17 1.19 6.71 36.3 408.0 31.66 30.20 
281 G1 65 R2 T3 PI 17.48 1.17 6.85 36.5 460.7 32.46 31.80 
282 G1 65 R2 T3 P2 15.92 1.20 6.72 36.2 450.6 32.67 31.93 
283 G1 65 R2 T3 P3 16.15 1.19 6.69 36.7 455.6 32.71 31.74 
284 G1 65 R2 T3 P4 15.41 1.21 6.74 37.3 465.5 32.52 31.90 
285 01 65 R2 T4 PI 19.48 1.36 6.78 35.2 435.0 32.75 31.19 
286 G1 65 R2 T4 P2 20.67 1.32 6.70 34.7 427.3 32.64 31.23 
287 G1 65 R2 T4 P3 18.30 1.38 6.72 34.6 421.8 32.80 31.24 
288 G1 65 R2 T4 P4 19.48 1.33 6.80 35.7 439.7 32.29 31.48 
289 G2 65 R3 T1 PI 15.32 1.32 6.27 34.5 445.3 32.12 31.26 
290 G2 65 R3 T1 P2 14.10 1.28 6.15 34.2 442.5 32.08 31.47 
291 G2 65 R3 T1 P3 13.96 1.25 6.34 34.6 438.9 32.05 31.34 
292 G2 65 R3 T1 P4 14.55 1.35 6.24 36.5 434.9 32.15 30.93 
293 G2 65 R3 T2 PI 17.28 1.34 6.51 38.9 430.7 31.88 31.34 
294 G2 65 R3 T2 P2 15.74 1.34 6.43 38.4 422.1 31.78 31.28 
295 G2 65 R3 T2 P3 16.42 1.37 6.60 37.7 427.9 31.65 31.45 
296 G2 65 R3 T2 P4 17.12 1.39 6.38 39.3 422.1 31.65 31.21 
297 G2 65 R3 T3 PI 15.34 1.35 6.62 38.1 441.6 32.90 31.48 
298 G2 65 R3 T3 P2 15.85 1.32 6.47 39.5 432.4 32.94 31.67 
299 G2 65 R3 T3 P3 14.21 1.30 6.90 40,4 434.0 32.74 31.57 
300 G2 65 R3 T3 P4 16.65 1.35 6.09 40.0 436.4 32.90 31.88 
301 G2 65 R3 T4 PI 15.75 1.50 6.72 36.2 443.8 32.67 31.84 
302 G2 65 R3 T4 P2 13.54 1.54 6.58 36.7 425.8 32.84 31.66 
303 G2 65 R3 T4 P3 14.85 1.57 6.70 36.5 431.2 32.66 31.78 
304 G2 65 R3 T4 P4 16.90 1.51 6.44 37.3 454.8 32.91 31.76 
305 G2 65 R4 T1 PI 8.48 1.32 6.35 35.9 441.5 32.15 31.12 
306 02 65 R4 T1 P2 10.24 1.27 6.44 35.1 445.3 31.86 31.20 
307 02 65 R4 T1 P3 9.85 1.29 6.50 35.4 432.7 32.08 31.08 
216 
Table CI: (Continued) 
NO CHA DAP REP TRT PLT PHO CON TRA CHL CIN TIA TLE 
(umol/mVs) (mol/mVs) (mm/d) (SPAD) (ppra) rc) CQ 
308 G2 65 R4 T1 P4 8.56 1.21 6.07 36.5 428.7 32.01 31.18 
309 G2 65 R4 T2 PI 20.84 1.42 6.54 38.7 418.7 31.87 31.35 
310 G2 65 R4 T2 P2 21.75 1.40 6.39 38.4 416.3 31.92 31.36 
311 02 65 R4 T2 P3 19.65 1.39 6.42 37.9 412.4 31.87 31.45 
312 02 65 R4 T2 P4 19.19 1.39 6.61 37.9 417.4 32.00 30.81 
313 02 65 R4 T3 PI 21.45 1.40 6.58 39.3 428.2 32.89 31.45 
314 02 65 R4 T3 P2 18.96 1.36 6.72 39.5 432.5 32.95 31.67 
315 02 65 R4 T3 P3 17.61 1.38 6.61 38.7 415.7 32.56 31.55 
316 02 65 R4 T3 P4 19.29 1.34 6.69 39.2 419.1 32.68 30.88 
317 02 65 R4 T4 PI 18.47 1.52 6.76 36.7 432.7 32.64 31.87 
318 02 65 R4 T4 P2 16.32 1.47 6.64 36.5 426.8 32.54 31.99 
319 02 65 R4 T4 P3 17.89 1.46 6.50 36.2 425.7 32.41 31.86 
320 02 65 R4 T4 P4 18.65 1.51 6.66 37.8 431.6 32.38 32.00 
321 01 72 R1 T1 PI 19.98 1.84 7.04 32.9 439.9 30.87 29.65 
322 01 72 R1 T1 P2 15.97 1.01 7.10 36.2 439.7 31.35 30.86 
323 01 72 R1 T1 P3 16.29 1.80 6.90 30.6 460.3 31.73 30.33 
324 01 72 R1 T1 P4 14.75 1.64 6.84 30.1 461.9 31.91 30.43 
325 01 72 R1 T2 PI 11.93 0.96 7.62 42.5 366.7 28.10 27.42 
326 01 72 R1 T2 P2 11.11 0.81 7.58 37.6 395.6 29.34 29.26 
327 01 72 R1 T2 P3 15.63 1.76 7.42 42.0 462.5 30.00 28.60 
328 01 72 R1 T2 P4 14.53 1.71 7.54 33.7 480.6 30.44 28.91 
329 01 72 R1 T3 PI 21.35 0.99 7.55 37.4 458.6 33.07 32.21 
330 01 72 R1 T3 P2 18.53 1.64 7.49 48.5 461.1 33.20 31.76 
331 01 72 R1 T3 P3 15.98 1.87 7.36 45.0 594.4 33.16 31.45 
332 01 72 R1 T3 P4 16.25 1.31 7.28 45.1 456.8 33.16 31.68 
333 01 72 R1 T4 PI 19.18 1.69 7.85 34.9 462.7 32.21 30.83 
334 01 72 R1 T4 P2 20.60 1.81 7.64 36.6 473.4 32.27 31.08 
335 01 72 R1 T4 P3 25.76 2.03 7.70 31.3 480.4 32.61 31.29 
336 01 72 R1 T4 P4 24.30 1.89 7.69 34.2 473.8 32.94 31.46 
337 01 72 R2 T1 PI 17.00 1.94 7.04 30.3 464.2 34.45 32.66 
338 01 72 R2 T1 P2 14.83 1.46 7.12 30.9 459.2 34.38 33.22 
339 01 72 R2 T1 P3 17.99 1.81 7.10 38.6 453.7 34.27 32.27 
340 01 72 R2 TI P4 17.62 1.72 7.22 35.5 436.5 34.15 32.53 
341 01 72 R2 T2 PI 21.78 1.98 7.56 33.9 466.8 33.74 32.28 
342 01 72 R2 T2 P2 22.22 1.48 7.48 31.9 471.2 33.87 32.65 
343 01 72 R2 T2 P3 23.18 1.55 7.35 36.0 472.9 34.05 33.05 
344 01 72 R2 T2 P4 23.15 1.62 7.41 32.1 470.1 34.26 33.07 
345 01 72 R2 T3 PI 17.85 1.67 7.32 33.8 477.2 34.49 32.81 
346 01 72 R2 T3 P2 16.38 1.86 7.44 29.8 480.5 34.42 32.91 
347 01 72 R2 T3 P3 16.58 1.49 7.36 38.6 474.5 34.44 33.39 
348 01 72 R2 T3 P4 17.61 1.39 7.36 42.1 459.5 34.43 33.10 
349 01 72 R2 T4 PI 23.48 1.75 7.71 44.5 456.2 32.97 31.66 
350 01 72 R2 T4 P2 21.00 1.78 7.86 36.3 466.2 33.26 31.81 
351 01 72 R2 T4 P3 14.92 1.34 7.52 35.2 482.6 33.51 32.43 
217 
Table CI: (Continued) 
NO CHA DAP REP TRT PLT PHO CON TRA CHL CIN TIA TLE 
(umoltoVs) (moI/raVs) (nun/d) (SPAD) (ppBl) CQ CQ 
352 G1 72 R2 T4 P4 22.82 1.85 7.63 32.1 462.0 33.64 32.28 
353 G2 72 R3 T1 PI 13.62 1.63 6.92 46.0 309.9 33.77 32.22 
354 G2 72 R3 T1 P2 9.79 1.65 6.84 33.1 355.8 33.81 32.16 
355 G2 72 R3 T1 P3 8.58 1.60 6.75 26.3 381.6 33.78 32.24 
356 G2 72 R3 T1 P4 11.60 1.72 7.01 26.1 388.6 33.76 32.29 
357 G2 72 R3 T2 PI 23.06 1.62 7.30 34.6 435.4 34.13 33.01 
358 G2 72 R3 T2 P2 22.00 1.70 7.45 33.6 435.8 34.34 33.14 
359 G2 72 R3 T2 P3 23.42 1.78 7.16 35.2 436.1 34.41 33.78 
360 G2 72 R3 T2 P4 24.44 1.74 7.13 35.7 437.3 34.42 33.34 
361 G2 72 R3 T3 PI 18.02 1.74 7.42 31.2 395.5 33.93 32.92 
362 G2 72 R3 T3 P2 17.02 1.79 7.34 31.0 392.7 33.82 32.54 
363 G2 72 R3 T3 P3 22.62 1.80 7.38 35.4 390.9 33.88 32.78 
364 G2 72 R3 T3 P4 18.19 1.67 7.06 41.7 403.2 33.95 32.33 
365 G2 72 R3 T4 PI 19.34 1.82 7.28 31.6 420.1 34.20 32.90 
366 G2 72 R3 T4 P2 20.37 1.91 7.69 36.7 420.1 34.21 33.70 
367 G2 72 R3 T4 P3 21.06 1.86 7.52 38.8 420.7 34.29 33.19 
368 G2 72 R3 T4 P4 23.74 1.81 7.75 42.7 435.9 34.08 33.30 
369 G2 72 R4 T1 PI 13.42 1.62 6.78 26.4 453.2 33.94 33.51 
370 G2 72 R4 T1 P2 13.82 1.57 6.89 22.4 457.3 33.83 32.64 
371 G2 72 R4 T1 P3 7.90 1.56 6.65 28.5 448.1 33.91 33.47 
372 G2 72 R4 T1 P4 15.43 1.63 6.68 35.1 449.8 33.84 32.72 
373 G2 72 R4 T2 PI 23.01 1.82 7.27 36.3 462.3 34.00 32.75 
374 G2 72 R4 T2 P2 17.18 1.86 7.34 39.4 464.2 34.00 32.69 
375 G2 72 R4 T2 P3 18.67 1.87 7.36 37.9 471.8 34.12 33.04 
376 G2 72 R4 T2 P4 14.88 1.85 7.59 30.8 475.8 34.23 33.09 
377 G2 72 R4 T3 PI 20.14 1.76 7.39 33.4 433.1 32.81 31.82 
378 G2 72 R4 T3 P2 14.81 1.75 7.25 34.2 465.6 33.28 33.07 
379 G2 72 R4 T3 P3 23.09 1.85 7.50 34.9 455.4 33.59 32.62 
380 G2 72 R4 T3 P4 21,06 1.80 7.10 36.1 461.5 33.79 32.40 
381 G2 72 R4 T4 PI 14.20 1.82 7.63 33.1 467.0 34.27 33.26 
382 G2 72 R4 T4 P2 16.42 1.76 7.58 33.1 463.4 34.14 33.03 
383 G2 72 R4 T4 P3 18.00 1.85 7.34 36.8 452.1 34.00 32.93 
384 G2 72 R4 T4 P4 17.24 1.73 7.21 38.2 452.3 33.99 32.95 
385 G1 79 R1 T1 PI 17.24 1.62 6.78 48.5 394.8 32.27 30.94 
386 G1 79 R1 T1 P2 17.84 1.24 6.55 41.1 384.5 32.52 31.43 
387 G1 79 R1 T1 P3 9.87 1.31 6.49 51.2 410.8 32.74 30.99 
388 G1 79 R1 T1 P4 16.47 1.32 6.66 45.2 396.1 32.71 31.15 
389 G1 79 R1 T2 PI 13.97 1.31 6.75 50.1 355.5 30.96 28.84 
390 G1 79 R1 T2 P2 15.30 0.97 6.81 49.9 364.9 30.60 29.66 
391 G1 79 R1 T2 P3 18.95 1.14 6.72 47.3 365.0 31.08 30.36 
392 G1 79 R1 T2 P4 19.00 1.15 7.20 51.8 394.4 31.91 30.64 
393 G1 79 R1 T3 PI 22.44 1.40 7.26 49.5 381.0 33.72 32.12 
394 G1 79 R1 T3 P2 20.00 1.22 7.34 49.4 387.2 33.75 32.32 
395 G1 79 R1 T3 P3 18.20 1.10 7.19 50.4 383.7 33.81 32.43 
218 
Table CI: (Continued) 
NO CHA DAP REP TRT PLT PHO CON TRA CHL CIN TIA TLE 
(umol/mVs) (mol/m'/s) (mro/^ (SPAD) (ppm) CO PC) 
396 G1 79 R1 T3 P4 18.31 1.13 7.37 47.3 387.5 33.88 32.54 
397 G1 79 R1 T4 PI 18.66 1.32 6.88 52.7 397.2 32.94 31.71 
398 G1 79 R1 T4 P2 17.76 1.06 6.94 54.5 388.8 33.04 32.00 
399 01 79 R1 T4 P3 17.62 1.03 7.02 51.5 399.4 33.11 32.01 
400 G1 79 R1 T4 P4 19.46 1.35 6.92 48.4 391.9 33.14 31.98 
401 G1 79 R2 T1 PI 17.17 1.36 6.71 45.4 423.9 33.98 32.75 
402 G1 79 R2 T1 P2 13.64 1.37 6.54 52.1 425.3 33.87 32.09 
403 G1 79 R2 T1 P3 16.65 1.27 6.49 47.9 429.7 33.92 32.53 
404 G1 79 R2 T1 P4 13.65 1.41 6.62 47.0 432.4 33.90 32.52 
405 G1 79 R2 T2 PI 17.25 1.28 6.76 50.4 409.7 33.98 32.36 
406 G1 79 R2 T2 P2 15.95 1.33 6.81 50.7 410.4 33.99 32.26 
407 G1 79 R2 T2 P3 18.84 1.37 6.38 46.5 416.8 34.02 32.52 
408 G1 79 R2 T2 P4 14.49 1.19 7.01 49.5 418.7 34.02 32.72 
409 G1 79 R2 T3 PI 17.84 1.28 7.42 47.8 416.8 33.86 32.38 
410 G1 79 R2 T3 P2 18.41 1.23 7.36 49.5 411.7 34.03 32.45 
411 G1 79 R2 T3 P3 17.06 1.44 7.54 45.3 420.6 34.17 32.39 
412 G1 79 R2 13 P4 18.06 1.77 7.16 45.3 423.6 33.79 32.12 
413 G1 79 R2 T4 PI 21.59 1.38 6.75 43.9 383.6 33.67 31.92 
414 G1 79 R2 T4 P2 20.30 1.15 6.88 46.5 387.9 33.92 32.27 
415 G1 79 R2 T4 P3 18.95 1.37 6,74 49.9 413.3 33.96 32.02 
416 G1 79 R2 T4 P4 16.21 1.26 6.91 47.2 410.9 33,93 32.19 
417 G2 79 R3 T1 PI 13.48 1.18 6.38 47.7 333.2 33.48 32.07 
418 G2 79 R3 T1 P2 14.23 1.41 6.52 43.3 352.4 33,52 32.09 
419 G2 79 R3 T1 P3 17.50 1.44 6.46 37.8 373.5 33,38 32.18 
420 G2 79 R3 T1 P4 11.50 1.21 6.44 38.9 396.1 33,47 32.39 
421 G2 79 R3 12 PI 24.98 1.96 6.78 43.4 425.5 34,10 32.91 
422 G2 79 R3 T2 P2 23.70 1.81 6.66 45.0 417.4 34,28 33.41 
423 G2 79 R3 T2 P3 14.21 1.64 6.54 53.9 441.1 34,35 32.98 
424 G2 79 R3 T2 P4 12.40 1.78 6.78 48.5 438.8 34,13 33.27 
425 G2 79 R3 T3 PI 18.54 1.47 7.51 45.6 388.9 33,64 32.49 
426 G2 79 R3 T3 P2 18.85 1.39 7.42 50.6 399.3 33,83 32.69 
427 G2 79 R3 T3 P3 17.29 1.53 7.33 52.6 422.1 33.85 32.87 
428 G2 79 R3 T3 P4 18.28 1.74 7.54 46.9 432.5 33.97 32.61 
429 G2 79 R3 T4 PI 22.71 1.99 6.58 40.8 435.2 33.96 32.66 
430 G2 79 R3 T4 P2 18.97 1.65 6.85 41.2 435.0 34.07 32.94 
431 G2 79 R3 T4 P3 23.21 2.12 6.70 50.0 433.3 34.07 32.80 
432 G2 79 R3 T4 P4 19.49 1.37 6.75 48.3 428.7 34.02 33.65 
433 G2 79 R4 T1 PI 11.24 1.50 6.43 34.4 410.2 31.14 31.42 
434 G2 79 R4 T1 P2 12.51 1.68 6.37 43.2 406.5 31.98 31.76 
435 G2 79 R4 T1 P3 10.98 1.70 6.39 36.7 408.0 31.87 31.85 
436 G2 79 R4 T1 P4 12.59 1.63 6.17 41.9 409.1 31.54 31.55 
437 G2 79 R4 T2 PI 17.72 1.65 6.74 55.6 419.6 33.82 32.85 
438 G2 79 R4 T2 P2 19.06 1.96 6.77 50.3 413.1 33.88 32.69 
439 G2 79 R4 T2 P3 18.07 1.87 6.54 53.0 416.9 33.93 32.70 
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Table CI: (Continued) 
NO CHA DAP REP TRT PLT PHD CON TRA CHL CIN TIA TLE 
(umol/mVs) (mol/mVs) (mm/d) (SPAD) (ppm) CQ CQ 
440 G2 79 R4 T2 P4 15.26 1.98 6.59 50.7 421.0 33.90 32.62 
441 G2 79 R4 T3 PI 19.14 1.63 7.12 49.4 413.7 33.88 32.85 
442 G2 79 R4 T3 P2 19.99 1.57 7.05 43.3 434.4 33.77 32.85 
443 02 79 R4 T3 P3 24.16 2.38 6.98 48.1 430.2 32.45 32.45 
444 02 79 R4 T3 P4 19.26 1.88 6.89 49.6 421.4 33.60 32.48 
445 02 79 R4 T4 PI 15.83 1.31 6.92 49.5 392.9 34.19 33.27 
446 02 79 R4 T4 P2 17.17 1.64 7.04 40.1 395.2 33.81 33.21 
447 02 79 R4 T4 P3 18.68 1.71 7.10 49.5 387.4 33.88 32.83 
448 02 79 R4 T4 P4 17.29 1.60 6.78 48.2 383.6 33.84 32.64 
449 01 86 R1 T1 PI 13.76 1.07 5.12 52.9 403.2 30.51 29.73 
450 01 86 R1 T1 P2 13.18 0.84 5.36 50.9 399.4 30.87 30.58 
451 01 86 R1 T1 P3 12.75 0.99 5.47 54.3 410.0 30.70 30.14 
452 01 86 R1 T1 P4 14.19 0.92 5.33 48.1 392.6 30.68 30.17 
453 01 86 R1 T2 PI 11.29 0.57 6.52 45.4 273.5 28.02 27.99 
454 01 86 R1 T2 P2 12.28 0.77 6.44 46.1 331.7 28.75 28.08 
455 01 86 R1 T2 P3 12.04 0.66 6.38 47.0 305.0 28.60 28.15 
456 01 86 R1 T2 P4 11.53 0.68 6.42 41.4 300.2 28.17 27.92 
457 01 86 R1 T3 PI 16.25 0.80 6.87 49.2 399.6 31.68 31.39 
458 01 86 R1 T3 P2 13.50 0.90 6.75 49.4 406.3 31.81 31.66 
459 01 86 R1 T3 P3 14.36 0.82 6.64 46.8 408.2 31.72 31.45 
460 01 86 R1 T3 P4 15.39 0.88 6.58 39.4 397.7 31.77 31.60 
461 01 86 R1 T4 PI 15.30 1.10 6.34 52.2 414.8 31.15 30.55 
462 01 86 R1 T4 P2 18.20 1.02 6.52 49.4 406.9 31.49 30.93 
463 01 86 R1 T4 P3 17.42 0.98 6.32 51.1 415.3 31.38 30.67 
464 01 86 R1 T4 P4 16.08 1.14 6.70 56.2 406.4 31.26 30.81 
465 01 86 R2 T1 PI 14.66 1.37 5.25 47.9 420.7 32.47 31.59 
466 01 86 R2 T1 P2 17.57 1.52 5.34 52.5 410.6 32.50 31.59 
467 01 86 R2 T1 P3 15.45 1.47 5.44 49.7 412.6 32.67 31.62 
468 01 86 R2 T1 P4 16.78 1.42 5.53 52.1 418.7 32,30 31.56 
469 01 86 R2 T2 PI 18.59 1.56 6.42 51.1 410.4 31.96 31.06 
470 01 86 R2 T2 P2 19.03 1.49 6.51 52.5 408.2 32.12 31.30 
471 01 86 R2 T2 P3 18.25 1.42 6.32 52.6 405.8 32.59 31.22 
472 01 86 R2 T2 P4 19.37 1.63 6.27 52.0 412.8 31,49 31.14 
473 01 86 R2 T3 PI 15.81 1.44 6.78 50.2 417.6 32.42 31.55 
474 01 86 R2 T3 P2 16.35 1.53 6.67 50.2 413.4 32.39 31.33 
475 01 86 R2 T3 P3 14.36 1.50 6.60 52.2 415.3 32.57 31.42 
476 Ol 86 R2 T3 P4 17.80 1.47 6.51 45.4 415.7 32.24 31.46 
477 01 86 R2 T4 PI 20.88 1.43 6.72 51.2 396.7 31.94 31.16 
478 01 86 R2 T4 P2 16.88 1.49 6.54 51.0 412.8 31.99 31.10 
479 01 86 R2 T4 P3 18.56 1.37 6.48 45.3 400.5 31.87 31.40 
480 01 86 R2 T4 P4 19.20 1.39 6.66 51.4 409.0 32.06 30.86 
481 02 86 R3 T1 PI 12.31 1.20 5.21 50.2 290.8 31.71 31.22 
482 02 86 R3 T1 P2 14.72 1.37 5.14 49.5 333.4 31.83 31.20 
483 02 86 R3 T1 P3 13.67 1.28 5.36 37.5 299.5 31.92 31.34 
Table CI: (Continued) 
220 
NO CHA DAP REP TRT PLT PHO CON TRA CHL CIN TIA TLE 
(umol/mVs) (mm/d) (SPAD) (ppm) CQ PQ 
484 G2 86 R3 T1 P4 13.36 1.29 4.97 41.9 324.7 31.62 31.08 
485 G2 86 R3 T2 PI 19.87 1.75 6.38 46.2 402.9 32.39 31.67 
486 G2 86 R3 T2 P2 17.03 1.59 6.37 54.2 406.1 32.24 31.28 
487 02 86 R3 T2 P3 17.36 1.65 6.24 43.7 410.7 32.55 31.44 
488 02 86 R3 T2 P4 19.54 1.69 6.09 44.8 398.3 32.08 31.51 
489 02 86 R3 T3 PI 12.77 1.18 6.67 47.0 356.2 32.05 31.46 
490 02 86 R3 T3 P2 16.15 1.26 6.43 48.8 369.1 32.12 31.72 
491 02 86 R3 T3 P3 14.85 1.21 6.70 45.7 360.1 32.15 31.55 
492 02 86 R3 T3 P4 14.07 1.23 6.52 48.1 365.2 32.02 31.63 
493 02 86 R3 T4 PI 19.89 1.21 6.34 45.8 376.6 32.27 31.85 
494 02 86 R3 T4 P2 20.03 1.81 6.44 47.8 391.4 32.31 31.47 
495 02 86 R3 T4 P3 18.40 1.40 6.28 56.1 380.2 32.37 31.59 
496 02 86 R3 T4 P4 21.52 1.62 6.34 41.6 387.8 32.21 31.73 
497 02 86 R4 T1 PI 14.97 1.34 5.17 43.3 420.2 31.65 31.11 
498 02 86 R4 T1 P2 14.95 1.35 5.02 45.2 422.4 31.75 31.15 
499 02 86 R4 T1 P3 15.24 1.42 4.92 48.7 425.6 31.70 31.12 
500 02 86 R4 T1 P4 14.68 1.27 5.05 38.4 417.0 31.70 31.14 
501 02 86 R4 T2 PI 13.70 1.22 6.49 49.4 415.7 32.12 31.68 
502 02 86 R4 T2 P2 12.00 1.65 6.35 52.0 424.4 32.03 31.48 
503 02 86 R4 T2 P3 13.25 1.50 6.52 48.1 410.2 32.15 31.57 
504 02 86 R4 T2 P4 12.45 1.37 6.20 57.1 429.9 32.00 31.59 
505 02 86 R4 T3 PI 18.56 1.23 6.54 44.9 391.2 31.90 31.56 
506 02 86 R4 T3 P2 17.38 1.74 6.67 48.1 414.8 31.87 31.03 
507 02 86 R4 T3 P3 16.74 1.60 6.51 42.7 400.5 31.82 31.09 
508 02 86 R4 T3 P4 19.20 1.37 6.48 48.1 405.5 31.95 31.50 
509 02 86 R4 T4 PI 12.70 1.26 6.75 48.5 422.8 31.98 31.38 
510 02 86 R4 T4 P2 14.73 1.49 6.54 48.5 420.5 31.69 30.98 
511 02 86 R4 T4 P3 13.54 1.37 6.42 48.2 426.3 31.75 31.20 
512 02 86 R4 T4 P4 13.89 1.38 6.93 51.1 417.0 31.92 31.16 
513 01 93 R1 T1 PI 14.87 0.90 4.87 47.5 402.5 32.27 31.22 
514 01 93 R1 T1 P2 12.65 0.85 5.12 47.3 411.8 32.80 31.14 
515 01 93 R1 T1 P3 13.24 0.80 4.98 48.2 405.2 32.49 31.34 
516 01 93 R1 T1 P4 13.12 0.93 4.79 48.7 412.9 32.84 31.42 
517 01 93 R1 T2 PI 11.84 1.08 5.64 48.1 365.9 31.15 29.36 
518 01 93 R1 T2 P2 10.25 1.01 5.48 48.9 370.1 31.24 29.45 
519 01 93 R1 T2 P3 12.45 1.00 5.35 48.2 372.5 31.68 29.27 
520 01 93 R1 T2 P4 12.60 0.99 5.81 49.1 373.5 30.01 29.32 
521 01 93 R1 T3 PI 14.82 1.04 5,94 47.3 412.3 33.25 31.42 
522 01 93 R1 T3 P2 15.20 0.98 5.82 47.6 415.8 33.18 31.55 
523 01 93 R1 T3 P3 15.68 1.11 5.87 48.1 408.5 33.30 31.44 
524 01 93 R1 T3 P4 13.80 1.07 5.89 48.2 405.8 32.75 31.67 
525 01 93 R1 T4 PI 16.78 1.02 5.37 50.3 417.2 32.54 31.12 
526 01 93 R1 T4 P2 14.67 1.08 5.44 50.7 415.6 32.49 31.26 
527 01 93 R1 T4 P3 15.65 1.05 5.21 49.7 408.5 32.15 31.24 
221 
Table CI: (Continued) 
NO CHA DAP REP TRT PLT PHO CON TRA CHL CIN TIA TLE 
(uznol/mVs) (moI/inVs) (oun/d) (SPAD) (ppni) CO fC) 
528 G1 93 R1 T4 P4 19.90 1.01 5.26 50.1 421.9 33.42 30.78 
529 G1 93 R2 T1 PI 15.34 0.97 4.76 48.5 408.0 32.66 31.42 
530 G1 93 R2 T1 P2 13.74 1.02 4.82 47.9 405.3 32.47 31.64 
531 01 93 R2 T1 P3 14.50 1.01 4.95 47.6 407.2 32.19 31.62 
532 01 93 R2 T1 P4 14.75 0.92 4.99 48.5 396.6 33.50 31.50 
533 01 93 R2 T2 PI 19.63 0.92 5.72 47.7 357.0 30.92 29.26 
534 01 93 R2 T2 P2 17.58 0.98 5.46 48.3 363.2 30.87 29.18 
535 01 93 R2 T2 P3 18.42 0.99 5.66 48.0 365.9 31.14 29.35 
536 01 93 R2 T2 P4 17.60 0.90 4.84 47.7 370.5 30.87 29.11 
537 01 93 R2 T3 PI 16.27 1.07 5.83 47.2 415.3 33.23 31.52 
538 01 93 R2 T3 P2 16.90 1.02 5.77 47.5 418.9 32.94 31.29 
539 01 93 R2 T3 P3 15.75 1.05 5.62 46.8 415.3 32.89 31.27 
540 01 93 R2 T3 P4 13.81 0.90 5.66 47.7 408.9 33.09 31.73 
541 01 93 R2 T4 PI 18.37 1.15 5.49 50.3 413.1 32.97 31.15 
542 01 93 R2 T4 P2 16.74 1.12 5.37 51.0 415.8 32.85 30.83 
543 01 93 R2 T4 P3 17.45 1.16 5.80 50.7 407.4 32.67 30.94 
544 01 93 R2 T4 P4 19.40 1.17 5.26 49.9 411.3 33.00 31.07 
545 02 93 R3 T1 PI 12.94 1.09 4.84 40,2 378.2 32.25 31.48 
546 02 93 R3 T1 P2 13.61 1.10 4.31 39.7 380.5 32.18 31.42 
547 02 93 R3 T1 P3 13.20 0.95 4.56 39.5 370.4 32.29 31.38 
548 02 93 R3 T1 P4 14.31 1.10 5.13 40.5 371.7 31.96 31.40 
549 02 93 R3 T2 PI 18.60 1.36 5.42 46.5 430.9 32.49 31.92 
550 02 93 R3 T2 P2 16.72 1.28 5.36 47.1 424.3 32.55 31.85 
551 02 93 R3 T2 P3 19.34 1.30 5.17 46.8 427.0 32.51 31.72 
552 02 93 R3 T2 P4 19.14 1.34 5.09 47.2 420.2 32.25 31.95 
553 02 93 R3 T3 PI 14.52 1.14 5.60 47.5 387.3 32.28 31.79 
554 02 93 R3 T3 P2 16.24 1.12 5.54 47.3 392.7 32.62 31.98 
555 02 93 R3 T3 P3 13.89 1.04 5.39 46.9 391.8 32.15 31.82 
556 02 93 R3 T3 P4 13.19 1.10 6.03 46.7 391.4 32.39 31.89 
557 02 93 R3 T4 PI 20.41 1.18 5.45 46.5 410.4 32.45 31.66 
558 02 93 R3 T4 P2 19.57 1.11 5.57 46.9 405.9 32.41 31.74 
559 02 93 R3 T4 P3 19.86 1.09 5.42 46.3 403.7 32.39 31.59 
560 02 93 R3 T4 P4 20.00 1.22 5.56 47.3 412.8 32.35 31.49 
561 02 93 R4 T1 PI 10.75 1.06 4.90 42.7 370.4 32.10 31.48 
562 02 93 R4 T1 P2 12.08 0.99 4.84 42.5 365.2 32.46 31.46 
563 02 93 R4 T1 P3 12.32 0.95 4.76 42.1 369.4 32.28 31.54 
564 02 93 R4 T1 P4 9.35 0.92 4.88 42.8 359.8 31.41 31.65 
565 02 93 R4 T2 PI 15.85 1.25 5.07 46.3 425.7 32.48 31.89 
566 02 93 R4 T2 P2 16.74 1.32 5.44 46.1 422.9 32.56 31.78 
567 02 93 R4 T2 P3 15.07 1.17 5.24 45.8 410.3 32.78 31.65 
568 02 93 R4 T2 P4 14.03 1.18 4.37 46.5 428.9 32.65 31.79 
569 02 93 R4 T3 PI 17.68 1.16 5.85 45.7 390.2 32.46 31.68 
570 02 93 R4 T3 P2 17.84 1.10 5.86 45.2 382.5 32.27 31.56 
571 02 93 R4 T3 P3 18.50 1.04 5.67 46.3 386.9 32.38 31.74 
222 
Table CI. (Continued) 
NO CHA DAP REP IRT PLT PHO CON TRA CHL CIN TIA TLE 
(umol/mVs) (mol/mVs) (mm/d) (SPAD) (ppm) PC) PQ 
572 G2 93 R4 T3 P4 15.77 1.17 5.50 46.1 374.6 32.32 31.51 
573 G2 93 R4 T4 PI 13.52 1.25 5.49 47.2 411.0 32.59 31.75 
574 G2 93 R4 T4 P2 14.96 1.36 5.67 47.5 407.4 32.45 31.62 
575 02 93 R4 T4 P3 12.65 1.22 5.50 46.7 406,3 32.48 31.56 
576 02 93 R4 T4 P4 12.00 0.98 5.66 47.1 409.0 32.22 32.07 
577 01 100 R1 T1 PI 9.51 0.50 3.32 46.3 383.9 30.72 30.41 
578 01 100 R1 T1 P2 10.68 0.57 3.25 48.5 399.8 31.69 32.02 
579 01 100 R1 T1 P3 8.23 0.54 3.14 50.4 370.8 31.14 31.56 
580 01 100 R1 T1 P4 9.98 0.63 3.13 47.2 372.9 31.27 30.87 
581 01 100 R1 T2 PI 9.03 0.56 4.68 48.7 394.3 25.90 26.02 
582 01 100 R1 T2 P2 12.06 0.67 4.77 43.4 390.4 27.45 27.21 
583 01 100 R1 T2 P3 10.85 0.58 4.93 44.5 387.9 26.67 27.45 
584 01 100 R1 T2 P4 10.24 0.65 4.90 44.7 387.0 26.68 25.78 
585 01 100 R1 T3 PI 17.14 0.75 5.51 48.9 417.3 32.17 31.63 
586 01 100 R1 T3 P2 17.71 0.85 5.64 43.4 402.8 32.21 31.58 
587 01 100 R1 T3 P3 16.87 0.69 5.36 44.5 420.1 32.22 31.48 
588 01 100 R1 T3 P4 17.98 0.91 5.29 44.5 399.0 32.16 31.73 
589 oi 100 R1 T4 PI 17.34 0.9) 5.34 53.4 408.6 31.88 31.01 
590 01 100 R1 T4 P2 15.81 0.85 5.36 51.8 412.5 32.01 31.40 
591 01 100 R1 T4 P3 16.56 0.76 5.12 47.3 415.9 32.98 31.32 
592 01 100 R1 T4 P4 16.59 1.00 5.26 50.6 407.8 30.91 31.09 
593 01 100 R2 T1 PI 12.15 0.72 3.47 42.0 389.4 32.87 32.91 
594 Ol 100 R2 T1 P2 12.10 0.78 3.35 44.0 372.5 32.98 32.47 
595 01 100 R2 T1 P3 13.12 0.75 3.59 40.3 387.2 32.91 32.44 
596 01 100 R2 T1 P4 13.15 0.71 3.43 41.3 354.9 32.94 32.94 
597 01 100 R2 T2 PI 16.32 0.97 4.89 51.8 389.2 32.23 31.67 
598 01 100 R2 T2 P2 21.77 1.28 4.65 52.3 384.5 32.02 30.97 
599 01 100 R2 T2 P3 18.25 1.17 4.44 47.7 388.1 32.25 30.75 
600 01 100 R2 T2 P4 19.84 1.08 5.10 50.7 377.5 32.00 31.89 
601 01 100 R2 T3 PI 11.75 1.13 5.46 47.9 385.6 32.03 30.97 
602 01 100 R2 T3 P2 13.72 0.84 5.52 48.3 372.1 32.71 31.78 
603 01 100 R2 T3 P3 11.36 0.95 5.38 50.5 380.7 32.50 31.82 
604 01 100 R2 T3 P4 14.11 1.02 5.20 50.0 388.2 32.24 30.93 
605 01 100 R2 T4 PI 22.81 1.17 5.44 48.2 408.9 32.12 31.05 
606 01 100 R2 T4 P2 11.74 0.87 4.90 47.4 398.4 32.22 31.19 
607 01 100 R2 T4 P3 18.23 0.99 5.71 50.0 390.7 32.19 31.11 
608 01 100 R2 T4 P4 16.32 1.05 5.39 49.1 407.4 32.15 31.13 
609 02 100 R3 T1 PI 13.25 0.58 3.82 39.4 390.1 32.79 32.23 
610 02 100 R3 T1 P2 12.86 0.81 3.65 47.9 388.4 32.77 32.21 
611 02 100 R3 T1 P3 12.85 0.67 3.77 43.5 390.7 32.75 32.29 
612 02 100 R3 T1 P4 13.28 0.72 3.72 42.5 379.6 32.81 32.15 
613 02 100 R3 T2 PI 17.20 0.97 4.69 40.2 394.2 32.85 32.17 
614 02 100 R3 T2 P2 21.37 1.12 4.72 49.3 390.1 32.83 31.98 
615 02 100 R3 T2 P3 18.74 0.86 4.66 36.7 390.4 32.88 32.15 
223 
Table CI: (Continued) 
NO CHA DAP REP TRT PLT PHD CON TRA CHL CIN TIA TLE 
(unoi/mVs) Cmol/mVs) (imn/d) (SPAD) (ppra) CQ CO 
616 G2 100 R3 T2 P4 19.83 1.23 4.53 41.3 395.3 32.80 32.00 
617 G2 100 R3 T3 PI 15.77 0.82 5.64 46.9 402.1 32.60 31.88 
618 G2 100 R3 T3 P2 15.16 1.11 5.52 48.2 395.4 32.72 31.61 
619 02 100 R3 T3 P3 14.96 0.98 5.66 48.3 387.3 32.67 31.74 
620 02 100 R3 T3 P4 15.97 0.95 5.50 48.2 404.4 32.65 31.75 
621 02 100 R3 T4 PI 19.08 1.03 5.68 47.3 410.7 32.85 32.18 
622 02 100 R3 T4 P2 16.50 0.81 5.72 43.0 401.3 32.85 32.11 
623 02 100 R3 T4 P3 18.26 0.90 5.46 44.0 395.7 32.89 32.26 
624 02 100 R3 T4 P4 17.32 0.94 5.18 44.0 403.1 32.81 32.03 
625 02 100 R4 T1 PI 11.53 0.85 3.42 30.8 372.6 32.19 31.28 
626 02 100 R4 T1 P2 12.97 0.66 3.55 38.4 378.9 32.24 31.41 
627 02 100 R4 T1 P3 10.64 0.72 3.47 30.7 380.7 32.22 31.33 
628 02 100 R4 T1 P4 12.98 0.79 4.88 32.1 372.4 32.21 31.36 
629 02 100 R4 T2 PI 16.09 0.89 4.78 49.5 382.4 33.07 32.26 
630 02 100 R4 T2 P2 18.23 1.01 4.83 47.3 380.6 32.74 32.03 
631 02 100 R4 T2 P3 17.52 0.97 4.51 40.2 385.1 32.44 32.14 
632 02 100 R4 T2 P4 16.80 0.93 4.44 44.6 374.9 33.37 32.15 
633 02 100 R4 T3 PI 17.72 0.96 5.16 40.2 392.2 32.72 32.08 
634 02 100 R4 T3 P2 14.12 0.57 4.82 49.6 396.4 32.89 32.63 
635 02 100 R4 T3 P3 15.57 0.78 5.24 44.4 385.7 32.81 32.46 
636 02 100 R4 T3 P4 16.27 0.75 5.02 44.2 370.7 32.80 32.25 
637 02 100 R4 T4 PI 14.39 0.78 4.57 50.0 402.1 32.85 31.97 
638 02 100 R4 T4 P2 15.65 1.02 4.39 39.0 394.6 32.54 31.54 
639 02 100 R4 T4 P3 15.62 0.87 4.47 49.5 378.9 32.66 31.68 
640 02 100 R4 T4 P4 14.42 0.93 4.25 46.6 380.9 32.73 31.83 
641 01 107 R1 T1 PI 12.34 0.64 2.47 32.1 381.0 28.50 28.04 
642 01 107 R1 T1 P2 10.42 0.35 2.56 40.0 374.2 28.47 28.15 
643 01 107 R1 T1 P3 13.58 0.82 2.35 42.1 370.8 28.64 28.09 
644 01 107 R1 T1 P4 13.02 0.60 2.78 36.6 386.8 28.39 27.88 
645 01 107 R1 T2 PI 16.52 0.43 3.84 24.5 392.7 28.92 28.50 
646 01 107 R1 T2 P2 6.74 0.82 3.76 27.6 390.3 29.35 29.55 
647 01 107 R1 T2 P3 10.38 0.47 3.69 46.0 398.4 29.70 28.94 
648 01 107 R1 T2 P4 12.88 0.57 3.71 31.9 380.6 28.57 29.11 
649 01 107 R1 T3 PI 15.83 0.82 4.40 44.1 395.6 29.46 29.22 
650 01 107 R1 T3 P2 11.69 0.56 4.31 29.8 390.2 29.71 29.27 
651 01 107 R1 T3 P3 13.85 0.87 4.48 40.3 392.4 29.64 29.17 
652 01 107 R1 T3 P4 13.67 0.75 4.09 37.5 392.6 29.53 29.32 
653 01 107 R1 T4 PI 17.37 0.80 4.04 54.6 410.2 30.19 29.69 
654 01 107 R1 T4 P2 16.04 0.81 4.12 48.2 404.7 30.10 30.13 
655 01 107 R1 T4 P3 15.45 0.89 4.06 53.2 390.5 30.17 30.02 
656 01 107 R1 T4 P4 17.96 0.83 3.98 51.1 405.8 30.12 29.80 
657 01 107 R2 T1 PI 20.17 0.59 2.87 36.5 368.3 30.19 29.71 
658 01 107 R2 T1 P2 16.41 0.83 2.65 30.6 360.7 30.47 30.15 
659 01 107 R2 T1 P3 18.09 0.71 2.74 33.0 357.0 30.34 30.25 
224 
Table CI: (Continued) 
NO CHA DAP REP TRT PLT PHO CON TRA CHL CIN TIA TLE 
(tunoI/roVs) (mol/mVs] (mm/d) (SPAD) (ppm) CO CO 
660 G1 107 R2 T1 P4 18.49 0.71 2.62 33.2 364.2 30.32 29.61 
661 G1 107 R2 T2 PI 18.68 0.74 3.54 50.1 384.6 30.66 30.13 
662 G1 107 R2 T2 P2 15.66 0.63 3.52 52.6 381.2 30.85 30.59 
663 01 107 R2 T2 P3 16.54 0.77 3.67 45.3 375.9 30.70 30.47 
664 01 107 R2 T2 P4 17.80 0.71 3.63 49.2 380.3 30.81 30.25 
665 01 107 R2 T3 PI 17.00 0.79 4.36 47.2 390.1 31.10 30.28 
666 01 107 R2 T3 P2 14.95 0.86 4.30 49.0 385.5 31.20 30.74 
667 01 107 R2 T3 P3 15.84 0.71 4.21 50.2 380.4 31.30 30.38 
668 01 107 R2 T3 P4 16.11 0.79 4.13 48.0 402.2 31.00 30.64 
669 01 107 R2 T4 PI 7.28 0.78 4.15 45.9 390.7 31.27 31.43 
670 01 107 R2 T4 P2 11.80 0.72 3.93 47.1 391.6 31.15 30.87 
671 01 107 R2 T4 P3 8.24 0.68 4.44 51.7 398.1 31.24 31.12 
672 01 107 R2 T4 P4 10.84 0.81 4.32 48.1 396.2 31.18 31.18 
673 02 107 R3 T1 PI 8.54 0.60 2.36 40.2 387.2 31.17 30.81 
674 02 107 R3 T1 P2 9.82 0.58 2.52 21.9 380.6 31.47 31.40 
675 02 107 R3 T1 P3 9.54 0.67 2.44 34.1 378.4 31.37 30.97 
676 02 107 R3 T1 P4 8.82 0.63 2.48 31.4 382.2 31.27 31.24 
677 02 107 R3 T2 PI 12.15 0.81 3.77 45.9 379.3 31.47 30.93 
678 02 107 R3 12 P2 12.00 0.90 3.63 45.9 384.2 31.50 31.08 
679 02 107 R3 T2 P3 11.98 0.86 3.65 44.9 380.9 31.56 31.04 
680 02 107 R3 T2 P4 12.17 0.86 3.55 45.4 378.4 31.41 30.97 
681 02 107 R3 T3 PI 13.89 1.33 4.20 41.7 390.8 31.79 31.49 
682 02 107 R3 T3 P2 16.70 1.00 4.15 43.8 387.4 31.59 30.97 
683 02 107 R3 T3 P3 15.49 0.81 4.37 45.4 410.1 31.55 31.28 
684 02 107 R3 T3 P4 15.10 1.05 4.16 43.5 379.7 31.83 31.18 
685 02 107 R3 T4 PI 16.82 0.90 4.29 42.6 405.0 31.78 31.52 
686 02 107 R3 T4 P2 6.38 0.88 4.16 38.8 394.3 32.01 32.25 
687 02 107 R3 T4 P3 12.25 0.83 4.10 44.8 396.6 32.15 31.78 
688 02 107 R3 T4 P4 10.95 0.87 4.01 42.5 398.5 31.64 31.99 
689 02 107 R4 T1 PI 17.08 0.71 2.87 28.7 367.3 31.11 30.55 
690 02 107 R4 T1 P2 13.87 0.62 2.96 35.0 378.6 31.28 31.28 
691 02 107 R4 T1 P3 15.85 0.69 3.13 27.7 388.7 31.22 30.79 
692 02 107 R4 T1 P4 15.10 0.70 2.76 30.1 375.6 31.17 31.04 
693 02 107 R4 T2 PI 13.35 0.99 3.55 46.3 366.7 31.09 30.69 
694 02 107 R4 T2 P2 10.83 0.94 3.78 45.4 378.9 31.16 30.65 
695 02 107 R4 T2 P3 12.85 0.69 3.94 45.7 380.3 31.17 30.74 
696 02 107 R4 T2 P4 11.33 0.87 3.49 45.7 381.4 31.08 30.60 
697 02 107 R4 T3 PI 12.27 0.86 4.47 40.8 382.1 31.18 30.73 
698 02 107 R4 T3 P2 15.42 0.92 4.65 45.6 385.1 30.82 30.30 
699 02 107 R4 T3 P3 13.24 0,84 4.40 44.6 375.2 30.74 30.57 
700 02 107 R4 T3 P4 14.45 0.87 3.96 43.0 381.1 31.26 30.46 
701 02 107 R4 T4 PI 7.98 0.54 3.92 47.2 372.1 30.86 30.85 
702 02 107 R4 T4 P2 12.54 0.51 3.86 47.8 385.4 30.66 30.30 
703 02 107 R4 T4 P3 10.84 0.57 3.73 42.0 389.4 30.76 30.66 
225 
Table CI: (Continued) 
NO CHA DAP REP TRT PLT PHO CON TRA CHL CIN TIA TLE 
(umol/mVs) (moUmVs) (mm^d) (SPAD) Q>pxn) CC) CQ 
704 G2 107 R4 T4 P4 9.68 0.54 3.85 45.0 380.0 30.76 30.49 
705 G1 114 R1 T1 PI 10.65 0.52 1.83 19.5 377.3 28.09 28.30 
706 G1 114 R1 T1 P2 2.60 0.64 1.80 29.8 369.4 29.54 29.82 
707 01 114 R1 T1 P3 12.15 0.48 1.74 16.9 372.8 30.49 30.25 
708 01 114 R1 T1 P4 8.47 0.44 1.67 21.7 361.3 29.35 29.19 
709 01 114 R1 T2 PI 3.65 0.64 2.85 24.7 382.4 31.30 31.45 
710 01 114 R1 T2 P2 16.14 0.27 2.97 19.8 375.2 31.62 31.66 
711 01 114 R1 T2 P3 0.17 0.38 2.81 26.4 370.9 32.35 32.79 
712 01 114 R1 T2 P4 6.65 0.53 2.97 23.4 386.7 31.73 32.15 
713 01 114 R1 T3 PI 12.11 0.53 3.64 32.6 389.1 32.64 32.34 
714 01 114 R1 T3 P2 6.45 0.71 3.57 28.8 382.6 33.47 33.92 
715 01 114 R1 T3 P3 9.73 0.64 3.45 37.0 374.6 33.67 32.98 
716 01 114 R1 T3 P4 9.43 0.60 3.42 32.3 395.3 33.23 32.99 
717 01 114 R1 T4 PI 9.10 0.62 3.72 46.1 401.5 33.50 33.46 
718 01 114 R1 T4 P2 10.56 0.53 3.64 37.9 392.7 33.45 33.35 
719 01 114 R1 T4 P3 9.93 0.54 3.51 37.9 392.4 33.42 33.16 
720 01 114 R1 T4 P4 9.86 0.61 3.69 40.1 404.6 33.43 33.15 
721 01 114 R2 T1 PI 8.36 0.78 1.87 17.7 367.2 33.67 33.69 
722 01 114 R2 T1 P2 15.35 0.62 1.96 14.8 360.4 33.64 33.29 
723 01 114 R2 T1 P3 9.44 0.70 1.88 15.4 364.9 33.83 33.43 
724 01 114 R2 T1 P4 11.05 0.70 1.97 15.3 357.1 33.62 33.40 
725 01 114 R2 T2 PI 7.36 0.66 3.02 27.5 375.2 34.07 33.47 
726 01 114 R2 T2 P2 8.68 0.61 3.15 29.8 386.1 34.10 33.88 
727 01 114 R2 T2 P3 9.60 0.65 3.25 37.8 370.7 34.12 33.87 
728 01 114 R2 T2 P4 8.55 0.62 2.74 31.3 349.7 34.07 33.55 
729 01 114 R2 T3 PI 10.83 0.84 3.56 43.6 380.1 34.31 33.87 
730 01 114 R2 T3 P2 12.11 0.59 3.52 34.2 377.6 34.13 33.57 
731 01 114 R2 T3 P3 8.36 0.68 3.49 30.6 370.5 34.26 34.14 
732 01 114 R2 T3 P4 10.43 0.75 3.07 36.5 384.9 34.21 34.01 
733 01 114 R2 T4 PI 4.67 0.90 3.68 32.6 390.2 34.34 34.54 
734 01 114 R2 T4 P2 0.91 0.85 3.24 30.3 384.1 34.48 34.39 
735 01 114 R2 T4 P3 5.93 0.82 3.56 41.1 388.9 34.30 34.39 
736 01 114 R2 T4 P4 3.84 0.97 3.40 34.1 387.6 34.35 34.32 
737 02 114 R3 T1 PI 8.49 0.51 1.90 11.2 389.4 34.14 33.90 
738 G2 114 R3 T1 P2 1.72 0.47 1.82 15.6 380.1 34.79 34.91 
739 02 114 R3 T1 P3 9.29 0.45 1.66 9.8 382.6 34.91 34.29 
740 G2 114 R3 T1 P4 6.50 0.53 2.06 12.7 386.7 34.68 34.30 
741 02 114 R3 T2 PI 8.33 0.64 2.87 31.4 390.1 34.71 34.29 
742 02 114 R3 T2 P2 8.42 0.62 2.75 28.9 384.7 34.78 34.24 
743 02 114 R3 T2 P3 9.08 0.57 2.91 34.5 386.2 34.87 34.76 
744 02 114 R3 T2 P4 8.61 0.65 2.99 31.1 393.4 34.76 34.47 
745 G2 114 R3 T3 PI 17.19 0.71 3.22 14.2 398.6 34.69 33.88 
746 02 114 R3 T3 P2 10.95 0.68 3.46 30.9 387.3 34.81 34.42 
747 G2 114 R3 T3 P3 9.14 0.75 3.25 31.0 388.1 35.06 35.09 
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Table CI: (Continued) 
NO CHA DAP REP TRT PLT PHO CON TRA CHL CIN TL\ TLE 
(umolteVs) (moI/roVs) (oim/d) (SPAD) (ppm) CQ CO 
748 G2 114 R3 T3 P4 12.43 0.82 3.07 24.4 394.4 34.83 34.60 
749 G2 114 R3 T4 PI 12.52 0.57 3.48 18.7 402.1 35.07 34.86 
750 G2 114 R3 T4 P2 11.36 0.62 3.45 35.3 394.5 35.17 34.87 
751 02 114 R3 T4 P3 11.49 0.65 3.45 19.3 384.2 34.86 34.88 
752 02 114 R3 T4 P4 11.79 0.48 3.02 24.2 408.4 35.01 34.79 
753 02 114 R4 Tl PI 12.36 0.57 1.74 22.8 370.5 34.61 34.09 
754 02 114 R4 Tl P2 12.15 0.59 1.95 27.6 362.8 34.57 34.16 
755 02 114 R4 Tl P3 17.40 0.62 1.83 14.3 372.1 34.27 33.45 
756 02 114 R4 Tl P4 13.97 0.50 1.76 20.9 357.1 34.46 33.85 
757 02 114 R4 T2 PI 11.81 0.74 2.89 37.4 367.3 34.40 34.27 
758 02 114 R4 T2 P2 7.88 0.67 3.04 34.7 376.6 34.45 34.19 
759 02 114 R4 T2 P3 7.12 0.68 3.22 17.7 384.9 34.74 34.89 
760 02 114 R4 T2 P4 8,94 0.79 2.77 29.1 359.1 34.50 34.41 
761 02 114 R4 T3 PI 10.88 0.79 3.84 33.5 370.1 34.69 34.32 
762 02 114 R4 T3 P2 14.30 0.72 3.72 31.2 378.6 34.50 33.94 
763 02 114 R4 T3 P3 9.82 0.83 3.67 22.4 392.7 34.36 34.12 
764 02 114 R4 T3 P4 11.67 0.78 3.41 28.8 373.4 34.49 34.07 
765 02 114 R4 T4 PI 4.69 0.68 3.77 35.9 384.5 34.39 34.51 
766 02 114 R4 T4 P2 2.56 0.63 3.54 41.7 381.2 34.30 34.40 
767 02 114 R4 T4 P3 5.85 0.57 3.60 29.1 376.0 34.26 34.20 
768 02 114 R4 T4 P4 4.37 0.68 3.57 35.0 374.6 34.29 34.42 
CHA = Girowth chamber; DAP = days after planting; REP = Replication; TRT = Treatment; 
PLT = Plant; PHO = Photosynthesis rate; CON = Stomatal conductance; TRA Transpiration 
rate; CHL = Chlorophyll content; CIN = Intercellular CO2; TIA = Temperature of air; TLE = 
Temperature of leaf;  Gl,  G2 = Growth chamber 1 and 2;  Rl,  R2, R3, R4 = Replications;  Tl ,  
T2, T3, T4 = 0.15-, 0.30-, 0.45-, and 0.60-m WT treatments, respectively; PI, P2, P3, P4 = 
Sampling plants. 
